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Mitochondrial morphological changes are tightly regulated by dynamics 
machinery proteins like Drp1, Mfn1/2 and OPA1. Accumulated evidence 
indicates that these molecules are essential in the fission and fusion processes; 
however, the underlying mechanisms of how these molecules in mediating 
fission and fusion are largely unknown. DAP3 is a mitochondrial ribosomal 
protein that has been reported to involve in apoptosis. Here, I report that in 
addition to apoptosis, DAP3 also affects mitochondrial morphology and 
autophagy process in the Drp1-dependent manner. Depletion of DAP3 by siRNA 
induces mitochondrial fragmentation, which can be rescued by further depletion 
of either Drp1 or Mff, knocking down of DAP3 dramatically decreases the 
phosphorylation of Ser637 in Drp1, but not a total protein level of Drp1, on 
mitochondrial portion, resulting in retarding the mobility of Drp1 on 
mitochondria during a fission process. Importantly, the DAP3-mediated 
dephosphorylation of Drp1 can be rescued by either the activation of PKA or the 
inhibition of calcineurin. In addition to changing mitochondrial morphology, 
depletion of DAP3 also affects the production of ATP in cellular respiration and 
mitochondrial membrane potential. Moreover, the formation of autophagy, but 
not mitophagy, is inhibited upon loss of DAP3 function, which may sensitize cells 
to programmed death in response to stress stimuli. Taken together, my results 
demonstrate that DAP3 is important in maintaining mitochondrial structure and 
function through regulating the phosphorylation of Drp1 at Ser637. My thesis 
provides new insights into how mitochondrial ribosomal protein may play a role 
in mediating mitochondrial fission and fusion.   
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CHAPTER 1 INTRODUCTION 
 
1.1 Mitochondrial Structure and Physiological Function 
 
1.1.1 Mitochondrial Structure 
 
Mitochondria are double membrane enclosed subcellular organelles exist in 
most eukaryotic cells (Henze and Martin, 2003). For years, mitochondria are well 
studied and have been identified as the major energy supplier in the cell. The 
double membrane separates mitochondrial compartments into two parts, the 
intermembrane space and the internal matrix. Therefore, the entire 
mitochondrion contains fmy functional structures, which are the outer 
mitochondrial membrane, intermembrane space, inner mitochondrial 
membrane, and matrix. More importantly, the inner membrane contributes to 
the formation of a unique structure for mitochondria, the so-called cristae. The 
knowledge of mitochondrial structure develops during time in parallel with the 
improvement of techniques for biological sample preparation and electron 
microscopy (EM). As shown in Figure 1.1, the EM tomography reveals the entire 
mitochondrial structure clearly with indication of outer membrane, inner 
membrane and cristae (Frey and Mannella, 2000). Each of these structures 
contains specific machinery proteins to regulate multiple cellular events, 
disrupting of either structure might result in severely cellular dysfunctions 








Figure 1.1 Mitochondrion from rat liver represented by tomography. 
 (a) The tomography diagram shows a rat liver mitochondrion. C, cristae; IM, inner 
boundary membrane; OM, outer membrane. Arrowheads indicate crista junctions. (b) 
Inset of a 5-nm slice demonstrating several contact sites between OM and IM (Adopted 
from Terrence et al., 2000). 
 
 
1.1.2 Physiological Function of Mitochondria 
 
1.1.2.1 Oxidative Phosphorylation 
 
Mitochondria are essential for maintaining the lifespan of normal eukaryotic 
cells. They provide energy in the form of ATP via oxidative phosphorylation 
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(OXPHOS), which is critical for cellular metabolism and biosynthesis. It is well 
known that tricarboxylic acid cycle (TCA) takes place in mitochondrial matrix to 
generate energy in the form of ATP through the electron transport chain (ETC) 
and ATP synthase, localized to the IM, which is composed of five complexes (I–
V). During OXPHOS, electron carriers (NADH and FADH2) transport electrons to 
the complexes on the ETC and trigger sequential redox reactions, which lead to 
conformational changes of these complexes and drive protons to the inter 
membrane space from mitochondrial matrix (Nunnari and Suomalainen, 2012). 
The proton gradient generated by complexes I, III, and IV and separated by IM 
drives the protons passing through complex V, an ATP synthase machine, to 
phosphorylate ADP and produce ATP (Okuno et al., 2011; Stock et al., 1999).  In 
addition, the membrane potential is also critical for a great number of 
mitochondrial functions, such as importing of mitochondrial proteins and 
alteration of mitochondrial morphology. Defects in OXPHOS may lead to diverse 
and complex human diseases such as Alzheimer’s disease, autosomal dominant 
spastic paraplegia, and Leigh’s syndrome (Wallace, 1999).  
 
 
1.1.2.2 Mitochondrial Genome 
 
Mitochondrion, unlike other cellular organelles, has its own genome, which can 
be translated to thirteen polypeptides, all of which encode the key components 
of OXPHOS (Anderson et al., 1981). The mitochondrial DNA (mtDNA) compared 
to nuclear genome is quite small, because it needs to minimize its size to 
maintain its replication rate and thus ensure transmission to the two daughter 
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cells during mitosis (Wallace, 1999). However, because of the small size, the 
importance of mitochondrial genome has been considered to be curiosities and 
out of the mainstream focus for years (Taylor and Turnbull, 2005). Mutations 
happen in mtDNA in a very high rate, resulting in a mixture of mtDNA 
populations in cells, which is known as heteroplasmy (Wallace, 1999). However, 
because of mitochondrial fusion exists, mutations of mtDNA can be 
complemented, therefore, mammalian cells can tolerate a surprisingly high load 
of mtDNA mutations without affecting respiration efficiency (Chan, 2012). In 
spite of the fusion mechanism to protect cells from mtDNA mutations, as cell 
ages, accumulated mutations may exceed the capacity of self-protection system, 
therefore, it is not surprising that the mutations of mtDNA are responsible for 
several kinds of human diseases, such as LHON, dystonia, and Leigh’s disease 
















1.2 Mitochondrial Dynamics 
 
Mitochondrial dynamics refers to the opposing fusion and fission cycles, which 
facilitate the cells to respond and adapt to their constantly changing 
physiological conditions (Chan, 2012; Westermann, 2010). The determination of 
a mitochondrion on going fusion or fission is dependent on the balance between 
these two processes. As indicated in the Figure 1.2 (Tamura et al., 2011), when 
the balance is disrupted towards either side, the mitochondrion will undergo 
morphological changes to the opposite side. Studies on mitochondrial dynamics 
have revealed that such processes are important in numerous cellular functions, 
mammalian development and human diseases. It is known that such processes 
are controlled by several machinery proteins that are highly evolutionary 
conserved (Westermann, 2010). In addition, the regulation of the core proteins 
controlling mitochondrial dynamics has been intensively studied and more and 
more regulators have been found exerting critical importance on shaping the 
mitochondria. Furthermore, collected data evidence that such mitochondrial 
dynamics machinery proteins contribute to autophagy, aging, apoptosis, cell 
cycle and other biological processes (Detmer and Chan, 2007). However, the 







Figure 1.2 Mitochondrial structure and dynamics. 
A schematic diagram illustrating mitochondrial shape and dynamics. Under a normal 
condition, fusion and fission are balanced and mitochondria are kept a tubular structure. 
When the balance is titled towards division, mitochondria will be fragmented into small 
vesicles. On the contrary, when the balance is titled towards fusion, mitochondria will 
elongate and form interconnected filamentous network. Fluorescent images of 




1.2.1 Mitochondrial Fusion Machinery 
 
Mitochondrial fusion involves two separate membrane fusion events, including 
outer membrane fusion and inner membrane fusion, which allow mitochondria 
exchange their intermembrane spaces as well as matrix contents. In mammals, 
the fusion process is controlled by three large GTPases. Specifically, they are 
outer membrane anchored proteins Mfn1 and Mfn2 (Rojo et al., 2002; Santel and 
Fuller, 2001) and the inner mitochondrial membrane anchored protein OPA1 
(Alexander et al., 2000; Santel and Fuller, 2001). Genetic manipulation studies on 
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these fusion modulators are revealed to significantly decrease in mitochondrial 
fusion activity, which resulted in fragmented mitochondria (Chen et al., 2003; 
Cipolat et al., 2004; Griparic et al., 2004; Song et al., 2007).   
 
    Mutations in mitochondrial fusion machinery proteins are related to several 
human diseases. For example, heterozygous mutations in OPA1 cause autosomal 
dominant optic atrophy (ADOA), which in patients represented in the form of 
gradually loss of visual ability (Chan, 2012). Studies on pathogenesis reveal that 
ADOA is caused by OPA1 mutations selectively affecting retinal ganglion cells, 
whose axons are bundled to form the optic nerve (Liesa et al., 2009). However, 
the reason why such specificity formed remains to be elucidated. Recently, 
several clinical studies indicated there are also ADOA patients with a 
presentation of other phenotypes such as hearing loss, ataxia, myopathy, and 
peripheral neuropathy (Chan, 2012). 
 
    In addition to OPA1, Mfn2 mutations also cause an autosomal dominant 
disease, called Charcot-Marie-Tooth Type 2A (CMT2A) (Zuchner et al., 2004). 
The disease in clinical is characterized by weakness, distal muscle atrophy and 
sensory loss in the distal limbs. The age of the disease is variable and the 
progressive is slow. Typical CMT2A is peripheral nerves specific, but as like 
ADOA, there are also extra features caused by Mfn2 mutations, such as sensory 
neuropathy VI. Patients with this disease also display a phenotype of optic 





1.2.1.1 Mfn1 and Mfn2 
 
In mammals, there are two mitofusins, Mfn1 and Mfn2. They are identified as the 
human homologs of Drosophila Fuzzy onions protein, the first gene reported to 
mediate mitochondrial fusion (Hales and Fuller, 1997). The mitofusins contain a 
GTPase domain that includes five conserved motifs named G1, G2, G3, G4 and G5 
as indicated in the Figure 1.3 (Liesa et al., 2009). The GTPase activity of both 
Mfn1 and Mfn2 is important for their fusion activity, as shown by the mutation of 
Mfn1 (K88T) or Mfn2 (K109A) which failed to mediate mitochondrial fusion 
(Chen et al., 2003). In addition, loss-of-function studies in mice conducted by 
David Chan’s group demonstrated that depletion of Mfn1 or Mfn2 could lead to 
lethal in the mid-gastrulation stage.  Furthermore, embryonic fibroblasts of 
Mfn1-/- or Mfn2-/- displayed distinct types of mitochondrial fragmentation (Chen 




Figure 1.3 Schematic structures of Mfn1 and Mfn2. 
Schematic diagrams representing functional domains of Mfn1 and Mfn2. The GTPase 
domains, with G1 to G5 motifs, are shown in light green and the region is underlined in 
pink; the coiled-coil domains are shown in yellow and transmembrane domains are 
shown in red (Adapted from Lieas et al., 2009 with modifications).  
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    Although it is widely accepted that the GTPase activity of mitofusins is 
essential for mitochondrial fusion, the detailed mechanisms are still poorly 
understood. One suggestion is that the GTPase activity of mitofusins affects the 
signaling pathway of intracellular fusion components, which subsequently 
resembles Rab GTPases to facilitate soluble NSF (N-ethyl-maleimide-sensitive) 
and its receptor (SNARE) mediated membrane fusion. In detail, when GTP bound 
to Mfn1 or Mfn2, the enzyme is activated, which could further activate the 
downstream signaling pathway to recruit factors to complete the outer 
membrane fusion (Griffin et al., 2006). A more convincing model for the fusion 
mechanism is that the C-terminal coiled-coil structure of mitofusins on adjacent 
mitochondrial could tether each other in trans, forming homo complexes Mfn1-
Mfn1, Mfn2-Mfn2 as well as hetero complex Mfn1-Mfn2 to promote outer 
membrane fusion. It is suggested that the tethering of the mitofusin complexes 
could further change their conformation and drive the GTP hydrolysis, which 





OPA1 was identified during genetic studies in a human disease called dominant 
optic atrophy, a disease in which neuronal cells degenerate and cause defects in 
optic nerve (Alexander et al., 2000; Delettre et al., 2000). OPA1 is the mammalian 
orthologue of Mgm1 in yeast, which is essential for mitochondrial fusion in yeast 
(Meeusen et al., 2006). Both OPA1 and Mgm1 are localized to the inner 
mitochondrial membrane, at which they are proposed to mediate inner 
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mitochondrial membrane fusion (Liesa et al., 2009). Like Mfn1 and Mfn2, OPA1 
is also a large dynamin-related GTPase that can self-assemble. Depletion of OPA1 
results in severe mitochondrial fusion deficiency that shape mitochondria to 
small short vesicles (Chen et al., 2005; Cipolat et al., 2004). But unlike mitofusins, 
OPA1 is required for the fusion of inner mitochondrial membrane. Its presence 
on only one mitochondrion is sufficient enough for the fusion of two membranes 
as assessed by the mitochondrial fusion of hybrid cells (Song et al., 2009). OPA1 
can bind to the inner membrane lipid cardiolipin and assemble into an oligomer 
structure. This assembly on the lipid membranes enhances the hydrolysis of GTP 
that binds to OPA1 and provides energy for the membrane fusion. Mutations in 
OPA1 disrupting the lipid-binding region lead to dominant optic atrophy (Chan, 
2012). Interestingly, a study also indicates that OPA1-mediated inner membrane 
fusion is dependent on Mfn1, and reversibly, depletion of OPA1 function can 
result in Mfn1 dependent outer membrane fusion defects (Cipolat et al., 2004). 
However, the molecular mechanisms of how OPA1 facilitate inner membrane 
fusion remains to be illustrated.  
 
      There are many isoforms of OPA1 due to alternative RNA splicing of exons 4, 
4b and 5b, which are located between the transmembrane domain and the N-
terminal coiled-coil domain, as indicated in the Figure 1.4 below (Liesa et al., 
2009). Although differential splicing of OPA1 makes it exists as a mixture of 
many isoforms, they still can be grouped into either as long isoforms that can 
anchor onto the inner membrane or short isoforms that cannot anchor to the 
membrane but can still interact with membranes. Under a normal condition, 
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both long and short isoforms are required for the inner membrane fusion (Song 
et al., 2007). 
 
 
Figure 1.4 Domains and motifs of OPA1. 
A schematic diagram representing functional domains of OPA1. The alternative splicing 
region is highlighted by a red box. The detailed information of alternative splicing region 





1.2.2 Mitochondrial Fission Machinery 
 
Of note, as a highly dynamic organelle, mitochondria keep fuse and divide in 
order to maintain a normal function for the cellular events. Other than the fusion 
machinery discussed above, there is also efficient fission machinery existing in 
the cell for mitochondria divide. Genetic and molecular cell studies have revealed 
that another large GTPase, the dynamin-related protein Drp1 played a central 
role in mediating mitochondrial fission. Several lines of evidence indicate that 




and scission of mitochondria, as indicated in the Figure 1.5 below (Bleazard et 
al., 1999; Chan, 2012; Sesaki and Jensen, 1999; Smirnova et al., 2001a). Since a 
large percentage of Drp1 resides in the cytosol, the mitochondrial receptors for 
the recruitment of Drp1 are necessary. To date, fmy mitochondria outer 
membrane receptors have been identified. They are hFis1 (Koch et al., 2005; 
Stojanovski et al., 2004), Mff (Gandre-Babbe and van der Bliek, 2008), MiD49 and 
MiD51 (Palmer et al., 2011), respectively.   
          
    The Drp1-related human disease has just been reported; a newborn girl 
presented multiple abnormalities, such as defect in brain development, optic 
atrophy hypotonia, some spontaneous movements and poor feeding (Waterham 
et al., 2007). The girl died at the age of 37 days. Analysis indicated that 
fibroblasts from the patient showed elongated mitochondrial and peroxisomes, 
suggesting that there might be defect in mitochondrial fission. Genetic analysis 
discovered that a heterozygous mutation in Drp1 (A395D) in this patient. 
Overexpression the mutant form Drp1 induced mitochondrial and peroxisomal 
abnormalities, indicating a dominant negative effect of Drp1 (Waterham et al., 
2007). Furthermore, biochemical study found that this mutation disrupted 










Figure 1.5 The main principle of mitochondrial division.  
The cytosolic Drp1 is recruited by mitochondrial surface receptors to form a higher-
order structure, which facilitates mitochondrial fission. After recruitment, Drp1 






The dynamin-related protein 1 (Drp1) is a large GTPase, mediating 
mitochondrial fission in mammalian cells. The mechanism of Drp1 action has 
been extensively studied recently and the most well understood mechanism is 
the function of yeast fission machinery (Hoppins et al., 2007; Otera et al., 2013; 
Westermann, 2010). In yeast, the Drp1 homologue Dnm1 interacts with Mdv1 
and assembles as oligomers in a GTP-bound form. Fis1 then recruits the Dnm1-
Mdv1 complex on to mitochondrial surface. After the recruitment, Dnm1 
oligomers proceed to form spirals and constrict the mitochondria by hydrolyzing 
GTP. Finally, the constricted mitochondria are quenched off in a way similar to 
the action of classical dynamins in scission of endocytic vesicles (Westermann, 
2010). In mammals, similar to yeast, most of Drp1 molecules exist as oligomers 
14 
 
and present throughout the cytoplasm, but there is still a small portion of Drp1 
located on the mitochondria in the form of foci (Smirnova et al., 2001b). In 
current model, the cytosolic Drp1 is recruited onto mitochondria forming spirals 
and constricts to divide both outer and inner membranes (Youle and van der 
Bliek, 2012). The process is similar to the endocytosis mediated by the GTPase 
activity of dynamin, which has been long regarded as a mechanochemical protein 
that utilizes GTP hydrolysis produced energy to pinch off constricted vesicles 
(Hinshaw, 2000; Praefcke and McMahon, 2004).  
 
 
1.2.2.2 Fis1 and Mff 
 
Old models indicate that human Fis1 (hFis1), which locates at the outer 
mitochondrial membrane, acts as a receptor for Drp1 recruitment in mammals 
(Koch et al., 2005; Stojanovski et al., 2004; Yu et al., 2005). Several lines of early 
studies support that the function of hFis1 is recruiting Drp1. For example, 
overexpression of hFis1 in mammalian cells could result in sever mitochondrial 
fragmentation (Stojanovski et al., 2004; Yoon et al., 2003; Yu et al., 2005). More 
importantly, depletion of hFis1 could also lead to elongation of mitochondria, 
which provide strong evidence that hFis1 is essential in mediating mitochondrial 
fission (Koch et al., 2005). However, recent studies challenge the prospect that 
hFis1 is distributed evenly on the outer mitochondrial membrane and siRNA-
mediated knockdown of hFis1 results in no or subtle effect on recruiting Drp1 
(Otera et al., 2010). The reason why these conflicting results can occur to hFis1 
in mediating mitochondrial morphological changes is hard to explain. One 
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possibility is that the phenomenon is dependent on cell types, or there is an 
unknown mechanism governing the fission process that is hFis1 dependent.  To 
this end, more studies are needed to figure out the exact role of hFis1 in such a 
complicated fission process. 
 
     Instead, the mitochondrial fission factor, Mff is the best-established 
mitochondrial receptor for Drp1 in mammals. Mff was identified in a screening 
for Drosophila genes responsible for mitochondrial fragmentation (Gandre-
Babbe and van der Bliek, 2008). Importantly, similar to Drp1, Mff exhibits a 
punctate-like pattern on mitochondria and siRNA-mediated knockdown of Mff 
leads to a significant decrease of Drp1 in the mitochondrial portion in 
accordance with expected mitochondrial elongation, which suggests Mff rather 
than hFis1 is essential for Drp1 recruitment and mitochondrial fission (Otera et 
al., 2010).  
 
     The interesting thing is fission machinery seems to share their function in 
both mitochondria and peroxisomes. For instance, all Drp1, hFis1 and Mff have a 
portion localize on peroxisomes, and depletion of these molecules results in 
peroxisome elongation (Gandre-Babbe and van der Bliek, 2008; Koch et al., 
2005; Li and Gould, 2003; Wakabayashi et al., 2009; Waterham et al., 2007). 
 
 




In addition to hFis1 and Mff, the novel receptors MiD49 and MiD51 are found to 
be located in foci and rings around mitochondria in a similar way of Drp1. These 
proteins are demonstrated to directly interact and recruit Drp1 and led to 
mitochondrial fusion when overexpressed (Loson et al., 2013; Palmer et al., 
2011; Zhao et al., 2011). Almost at the same time, two different groups revealed 
the same discovery that Mid 49 and Mid51 had a strong affinity with Drp1. They 
showed that overexpression of either protein resulted in extremely elongated 
mitochondrial networks by recruiting Drp1 to mitochondria (Palmer et al., 2011; 
Zhao et al., 2011), suggesting there might be two different forms of Drp1 on 
mitochondrial fiber, the functional form that mediates fission and the 
dysfunctional form that inhibits fission. More importantly, knockdown of Mid49 
or Mid51 also leads to mitochondrial over-fusion as reported by Michael T. Ryan 
and David Chan’s groups (Loson et al., 2013; Palmer et al., 2011), indicating that 
Mids may have other regulation role in mediating Drp1 fission activity. Further 
studies are needed to elucidate the mechanisms that govern the effect of Mids on 
Drp1 and mitochondrial fission.  
 
 
1.2.3 The Regulations of Mitochondrial Dynamic Machinery 
 
1.2.3.1 Regulation of Mfn1 and Mfn2 
 
Mfn1 and Mfn2 are two central molecules for mitochondrial fusion. They are 
regulated through multiple mechanisms. Ubiquitination mediated degradation is 
considered as the main regulatory mechanism for Mfn1 and Mfn2 function 
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(Tamura et al., 2011). Recent studies demonstrated that Parkin, an E3 ubiquitin 
ligase, was responsible for the ubiquitination and degradation of Mfn1 and Mfn2 
during the induction of mitophagy (Gegg et al., 2010; Tanaka et al., 2010). It is 
known that upon induction of mitophagy, the cytosolic Parkin is activated and 
translocated to mitochondria where it functions as an E3 ligase to facilitate 
degradation of mitochondrial proteins (Narendra et al., 2008). To identify the 
potential substrates of Parkin during mitophagy process, Youle’s group screened 
a bunch of mitochondrial proteins and found that the endogenous protein levels 
of Mfn1 and Mfn2 were reduced whereas several other mitochondrial protein 
levels were not changed such as Fis1, Drp1, VDAC1 and Tim23. They also 
revealed that the degradation of Mfn1 and Mfn2 was through p97 and 
proteasome dependent ubiquitination (Tanaka et al., 2010). Another group made 
a similar discovery that Mfn1 and Mfn2 were ubiquitinated in a PINK1/Parkin 
dependent manner upon induction of mitophagy (Gegg et al., 2010). In addition 
to Parkin, another E3 ligase MITOL/March 5 is also reported to facilitate 
ubiquitination-dependent Mfn1 degradation (Park et al., 2010). The regulation of 
mitofusins not only limited to ubiquitination modification, the apoptosis 
regulators also contributed to the morphological change of mitochondria by 
regulating mitofusins. Several lines of evidence demonstrated that the Bcl-2 
family proteins, Bax and Bak, were essential in maintaining mitochondrial 
morphology, lack of both resulted in mitochondrial fragmentation (Cleland et al., 
2011; Hoppins et al., 2011; Karbowski et al., 2006). It is reported that the soluble 
form of Bax, the Bcl2 protein, positively regulated mitochondrial fusion via Mfn2 
homotypic complex (Hoppins et al., 2011). Moreover, a mitofusin binding protein 
(MIB) is found to inhibit function of Mfn1 and Mfn2, suggesting multiple 
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pathways are existing to regulate Mfn1 and Mfn2 function, particularly through 
the process of mitophagy and apoptosis, as shown in Figure 1.6.  
 
1.2.3.2 Regulation of OPA1 
 
     Other than transcriptional regulation of OPA1 protein, there is also proteolysis 
regulation that makes mitochondrial fusion to be more complex. Because the 
ratio of long to short OPA1 isoforms is critical to mitochondrial fusion, the 
proteolytic processing of OPA1 is considered as the main mechanism for the 
regulation of OPA1. To date, there are two cleavage sites S1 and S2 on OPA1 
protein have been identified. The proteases that responsible for the cleavage are 
m-AAA proteases, i-AAA proteases Yme1L and presenilin-associated rhomboid-
like protease (PARL) respectively (Cipolat et al., 2006; Griparic et al., 2007; 
Ishihara et al., 2006; Song et al., 2007). Recent work demonstrated that the 
cleavage processing of OPA1 was accelerated when the inner mitochondrial 
membrane potential was decreased, which suggested that OPA1 processing 
could be regulated and thus accordingly changing the mitochondrial morphology 
(Griparic et al., 2004; Meeusen et al., 2006). There is also evidence indicating that 
the regulation of OPA1 processing is responsible for the stress-induced 
mitochondrial hyperfusion (Tondera et al., 2009). Again, the molecular 
mechanisms of OPA1 regulation in relation with mitochondrial inner membrane 







Figure 1.6 Regulations of mitochondrial fusion machinery. 
A schematic diagram illustrating regulations of mitochondrial fusion machinery in 
mammals. Mitofusins responsible for outer membrane fusion are mainly regulated by 
ubiquitination-dependent degradation. In addition, Bcl2 family proteins Bax and Bcl-xL 
can positively regulate Mfn2 to promote fusion. In contrast, MIB negatively regulates 
mitofusin activity and inhibit mitochondrial fusion. OPA1, the inner membrane fusion 
mediator, is mainly regulated by proteolytic digestion by several proteases. (Adapted 
from Tamura et al., 2011 with midifications). 
 
 
1.2.3.3 Regulation of Drp1 
 
Drp1 is the only identified protein that mediates mitochondrial fission. Several 
mitochondrial receptors such as hFis1, Mff, Mid49 and Mid51 have been 
reported for Drp1 recruitment to mitochondria. The regulation of Drp1 fission 
activity involves in several posttranslational modifications such ubiquitination, 
sumoylation and phosphorylation (Westermann, 2010).  
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    Similar to mitofusins, Drp1 has also been reported to be regulated by Parkin 
and MITO/March 5 dependent ubiquitination (Karbowski et al., 2007; Nakamura 
et al., 2006; Park et al., 2010; Wang et al., 2011). In 2006, a Japanese group first 
identified March 5 as a new mitochondrial protein that regulates Drp1 and Mfn2 
by ubiquitination (Nakamura et al., 2006). Later, another group showed the 
similar results and further revealed that March 5 was required for Drp1-
dependent mitochondrial fission (Karbowski et al., 2007). Recently, Parkin was 
reported to interact with Drp1 directly, subsequently ubiquitinate Drp1 and 
promote its proteasome dependent degradation (Wang et al., 2011). In addition 
to ubiquitination, Drp1 can be regulated by the process of sumoylation and 
desumoylation (Figueroa-Romero et al., 2009; Guo et al., 2013; Wasiak et al., 
2007a; Zunino et al., 2009). Another study also indicated that Bax and Bak 
promoted the sumoylation of Drp1 and its stable association with mitochondria 
during apoptosis (Wasiak et al., 2007b). Furthermore, SENP3 and SENP5 
mediate desumoylation of Drp1 during mitosis and ischaemia-induced cell death, 
respectively (Guo et al., 2013; Zunino et al., 2009). 
 
 
    The most intensively studied posttranslational modification of Drp1 is 
phosphorylation. The first study of Drp1 phosphorylation was conducted by 
Blackstone’s group (Chang and Blackstone, 2007). They identified the cyclic 
AMP-dependent protein kinase (PKA) phosphorylation site of Drp1 at Ser637, 
and demonstrated the regulation of Ser637 phosphorylation could affect its 
GTPase activity and mitochondrial morphology (Chang and Blackstone, 2007). 
Nearly at the same time, Strack and colleagues reported a similar discovery and 
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further elicited that the phosphorylation of Drp1 at Ser637 was reversibly 
regulated by   calcineurin phosphatase (Cribbs and Strack, 2007). The change of 
Drp1 Ser637 phosphorylation balance could affect mitochondrial dynamics and 
cell viability (Cribbs and Strack, 2007). Most importantly, the phosphorylation 
state of Drp1 at Ser637 was demonstrated to regulate the localization of Drp1 
(Cereghetti et al., 2010; Cereghetti et al., 2008). As people tried to understand 
the mechanism of Drp1 recruitment to mitochondria for years, the 
phosphorylation regulation of Drp1 provided new insights into the study of this 
notion. In 2008, Scorrano’s group discovered depolarization of mitochondria in 
some case sustained cytosolic Ca2+ rise, which activated cytosolic calcineurin to 
dephosphorylate Drp1 at Ser637. Moreover, calcineurin mediated 
dephosphorylation of Drp1 and promoted its translocation to mitochondria, 
where Drp1 could further mediate mitochondrial fission (Cereghetti et al., 2008). 
Most recently, multiple lines of evidence indicated that during autophagy 
induction by starvation, Drp1 Ser637 was phosphorylated by PKA, which further 
forced Drp1 leave away from mitochondria and resulted in mitochondrial 
elongation. The elongated mitochondria were then spared from autophagy 
dependent degradation (Gomes et al., 2011; Rambold et al., 2011). The 
elongation was dependent on mitochondrial fusion, because starvation-induced 
elongation was not observed in cells deficient of OPA1 or Mfn1 and Mfn2 (Gomes 
et al., 2011). More recently, another mitochondrial phosphatase PAGM5 was 
found to dephosphorylate Drp1 at Ser637 and mediate mitochondrial fission 




    In addition to Ser637, several other Ser sites on Drp1 were identified to be 
phosphorylated. It was reported that during mitosis, mitochondria started to 
fragment in pro-metaphase and reformed filamentous tubular structure 
subsequently after cell division. The mechanism for this specific mitochondrial 
fission was due to the phosphorylation of Drp1 at Ser585 by Cdk1/cyclin B 
(Taguchi et al., 2007).  A more recent report indicated that the phosphorylation 
of Drp1 mediated mitochondrial fission was not needed for cytokinesis, because 
the mitosis proceeded normally in Drp1-/- MEF cells (Ishihara et al., 2009). 
Another kinase for the phosphorylation of Drp1 was identified as CaMKIα; it was 
activated by Ca2+ influx through voltage-dependent Ca2+ channels (VDCCs). The 
activated CaMKIα therefore phosphorylated Drp1 at Ser600 and promoted 
mitochondrial fission (Han et al., 2008). In summary, although the regulations of 
Drp1 by posttranslational modifications provide in part some mechanisms in 
Drp1 recruitment and function, there are still a lot of unknown mechanisms for 









Figure 1.7 Regulations of mitochondrial fission machinery. 
A schematic diagram illustrating regulations of mitochondrial fission machinery in 
mammals. Drp1 is the core molecule for mitochondrial fission process. It is recruited to 
mitochondrial by several receptors such as Mff, MiD49/MiD51 and Fis1 and assembles 
to foci to mediate mitochondrial fission. Parkin and March 5 could facilitate 
ubiquitination of Drp1; MAPL and Senp5/3 could reversibly mediate sumoylation of 
Drp1; PKA, Cdk1/cyclin B and CaMKIα are responsible for phosphorylation of Drp1 and 
Calcineurin and PGAM5 are responsible for Drp1 dephosphorylation. (Adapted from 
Tamura et al., 2011 with midifications). 
 
 
1.2.4 The Physiological Functions of Mitochondrial Dynamics 
 
    As I discussed much of mechanisms of mitochondrial dynamics, an essential 
question to be asked is what the physiological role of mitochondrial dynamics is. 
Accumulated researches during the past decade made it clear that the balance of 
the processes of fusion and fission is important to maintain mitochondrial 
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morphology, size, and number (Chan, 2012). Moreover, animal studies 
demonstrated that lack of mitochondrial machinery molecules in mice cannot 
survive past the mid-gastrulation stage and display various cell type dependent 
defects (Chan, 2012). 
 
    During the fusion and fission process, mitochondrial outer membrane, inner 
membrane and matrix are mixed accordingly. Intensive studies indicate that 
matrix exchange of two fused mitochondria is important. Genetic studies reveal 
that cells without the inner membrane fusion mediator OPA1 exert similar 
defects of cells without outer membrane fusion mediator mitofusins. Evidence 
indicates that even outer membrane fusion proceeds normally in OPA-null cells; 
lack of inner membrane fusion still disrupts mitochondrial function, suggesting 
that mitochondrial matrix exchange between mitochondria might be the most 
important role of mitochondrial fusion (Song et al., 2009). A mitochondrion 
contains approximately 1000 proteins, in which thirteen polypeptide chains are 
encoded by the mitochondrial genome. The rest of proteins are translated in the 
cytosol and imported into mitochondria after expression and perhaps post-
translational modifications. These two sets of proteins translated from different 
cellular compartments must be properly regulated during mitochondrial 
biogenesis. Fusion defect would produce diverse functional and biochemical 
mitochondrial profiles in a cell. There is evidence indicating that cells without 
mitofusins or OPA1 increase their heterogeneity (Chen et al., 2005). Therefore, 
mixing mitochondrial matrix content via fusion is critical for maintaining 
mitochondrial homogeneity and function. 
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    As cell ages, damage accumulated in mitochondria. Among the entire 
population, there are various levels of dysfunctional mitochondria. Fusion 
provides ways for mitochondria mix exchange and rescue each other. The fate of 
damaged mitochondria likely depends on the degree and type of dysfunction, 
because intact mitochondrial membrane potential is critical for mitochondrial 
fusion, dissipated mitochondria cannot fuse and most probably would be sorted 
for degradation (Narendra et al., 2008). Therefore, fusion of mitochondria acts 




















1.3 Mitochondrial Dynamics and Apoptosis  
 
Apoptosis is a kind of programmed cell death, which is important for mediating 
metazoan development, tissue replacement, defending pathogens and protection 
from tumorigenesis. Intensive studies have been input on apoptosis during the 
past two decades and two kinds of pathways involving in the activation of the 
caspases have been well characterized: the intrinsic pathway and the extrinsic 
pathway, as shown in Figure 1.8. The intrinsic pathway, which is the upstream of 
activation of the caspases, is regulated by mitochondria. During the intrinsic 
apoptosis, Bcl-2 family proteins are activated and translocate to mitochondria to 
permeabilize outer mitochondrial membrane, which leads to the release of 
intermembrane space proteins cytochrome c and SMAC (second mitochondria-
derived activator of caspases) (Chipuk and Green, 2008; Chipuk et al., 2004). 
These two proteins further activate caspases in cytosol and finally precede 
apoptosis. Whereas, the extrinsic pathway is initiated by extracellular cytokines 
through activating death receptors on the cell membrane, which then directly 
activates caspase-8 and induces apoptosis (Suen et al., 2008). 
 
    In cellular model, the intrinsic apoptosis progression is largely dependent on 
release of cytochrome c and activation of caspases (Tait and Green, 2010). 
Mitochondrial fission occurs nearly at the same time of cytochrome c release and 
before the activation of caspases, which provides evidence that the 
mitochondrial fragmentation is not side effects of apoptosis (Liesa et al., 2009). 
Given the phenomenon that fragmentation always associates with apoptosis, 
there is still excessive mitochondrial fission taking place without proceeding to 
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apoptosis, such as the mitochondrial uncoupler carbonyl cyanide m-
chlorophenylhydrazone (CCCP) induced fragmentation and mitofusin knockout 
induced fragmentation, both of which can be rescued by removing the agent or 
reconstitute with mitofusins. Therefore, although mitochondrial fission seems to 
be a requisite step for apoptosis progression, the apoptosis might not be the final 
consequence of mitochondrial fragmentation. The mitochondrial dynamics 
proteins may directly or indirectly regulate apoptosis independent of their 








Figure 1.8 Schematic picture illustrating intrinsic and extrinsic apoptosis 
pathways. 
Apoptosis can be induced by both intrinsic and extrinsic pathways. The intrinsic 
apoptosis stimulated by stress, UV or viruses firstly activates BH3-only proteins, which 
then inhibit Bcl-2 family proteins, resulting in activation of Bax and Bak, which then 
translocate to mitochondria and promote cytochrome c release in accompany with 
mitochondrial fission. The released cytochrome c then leads to caspases activation and 
apoptosis. The extrinsic apoptosis skips the mitochondria and activates caspase-8 
directly. The active caspase-8 further activates caspase-3 and proceeds apoptosis 






1.3.1 Mitochondrial Fission Machinery and Apoptosis  
 
Several lines of studies demonstrated that Drp1 was recruited from cytosol to 
mitochondrial upon stimulation of apoptosis (Arnoult et al., 2005; Frank et al., 
2001; Wasiak et al., 2007a). Of this notion, there is a report indicating that the 
recruited Drp1 is colocalized with Bax and Mfn2 at the division sites (Karbowski 
et al., 2002). Drp1 as a major regulator of mitochondrial fission is critical for 
apoptosis progression. Expression of a GTPase mutant (Drp1K38A), which is 
considered as a dominant negative mutant, drastically inhibits mitochondrial 
fission, and retards cytochrome c release, caspases activation and cell death 
(Frank et al., 2001; Germain et al., 2005; Lee et al., 2004). The involvement of 
Drp1 might work with Bax and Bak to facilitate the outer mitochondrial 
membrane permeabilization. In vitro study revealed that Drp1 mediated 
membrane remodeling could enhance the assembly of Bax during apoptosis, 
which in turn triggers cytochrome c release and cell death (Montessuit et al., 
2010). Not only Drp1, reduced apoptosis is also noted in cells with down-
regulation of hFis1 or Mff (Gandre-Babbe and van der Bliek, 2008; Lee et al., 
2004). These data suggest mitochondrial fission is critical for apoptosis. 
However, the concept has been challenged by lines of evidence at the same time. 
It was reported that repression of Drp1 only delayed the cytochrome c release 
but could not affect the final cell death (Estaquier and Arnoult, 2007; Parone et 
al., 2006). In addition, even cytochrome c release was delayed in some condition; 
other apoptosis factors such as AIF, SMAC/DIABLO were released normally 
(Estaquier and Arnoult, 2007; Parone et al., 2006). Moreover, Bcl-2 family 
proteins could rescue Bax and Bak induced cytochrome c release and apoptosis 
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but failed to block Bax and Bak induced mitochondrial fragmentation (Sheridan 
et al., 2008). Most importantly, knockout mouse study reported that cells 
without Drp1 behaved similar with the wild type cells under apoptotic 
stimulation (Ishihara et al., 2009). These observations therefore indicate that 
mitochondrial morphological changes induced by dynamics proteins are not 
always linked to apoptosis. Clearly, the relationship between mitochondrial 
fragmentation and apoptosis to date is still poorly understood; more studies are 
required to resolve the mystery. At this point, repression of Drp1 seems to 
contribute a protective effect in some models of apoptosis, but exerts no effect or 
even promoting effect to some other kinds of apoptosis. 
 
 
1.3.2 Mitochondrial Fusion Machinery and Apoptosis  
 
Bax was reported to translocate to mitochondria and assemble into foci on 
mitochondrial fiber following apoptosis stimuli (Zhou and Chang, 2008). In 
addition, mitochondrial fusion was inhibited with Bax foci on the outer 
mitochondrial membrane (Karbowski et al., 2004). As I know, mitochondria 
precede Drp1 dependent fragmentation upon apoptosis induction. Similarly, 
down regulation of mitofusin activity could also result in both mitochondrial 
fission and apoptosis. On the contrary, overexpression of Mfn1 or Mfn2 not only 
enhances mitochondrial interconnectivity, but also represses apoptosis by 
delaying cytochrome c release (Suen et al., 2008), suggesting that mitochondrial 




    It was demonstrated that overexpression of a constitutively active Mfn2 
mutant (Mfn2G12V) could inhibit GTP hydrolysis and repress Bax activation and 
cytochrome c release under apoptosis stimulation (Neuspiel et al., 2005). 
Conversely, Bax and Bak could interact with Mfn2 to reduce mitochondrial fusion 
activity during apoptosis (Brooks et al., 2007; Karbowski et al., 2002; Karbowski 
et al., 2006). Given the fact that pro-apoptotic proteins Bax and Bak are involved 
in mitochondrial fusion and fission regulation by affecting Mfn2, it is still unclear 
how Bax and Bak change mitochondrial morphology, because contradictory 
evidence support opposite conclusions. On one hand, Bax and Bak were reported 
to maintain tubular structure in healthy cells, depletion of both proteins resulted 
in mitochondrial fission (Karbowski et al., 2006). On the other hand, Dong and 
colleagues demonstrated that mitochondrial fission was reduced in Bak deficient 
cells (Brooks et al., 2007). More studies will be necessary to uncover the 
relationship between Bax/Bak and mitochondrial fusion proteins Mfn1 and 
Mfn2; the results might provide a clear picture of the function of Bak and Bax on 
mitochondrial morphogenesis. 
 
    OPA1 is the inner mitochondrial membrane protein that controls the inner 
membrane fusion of mitochondria (Olichon et al., 2003). However, it was also 
reported that knockdown of OPA1 by siRNA resulted in spontaneous apoptosis 
of cells (Olichon et al., 2003), suggesting that OPA1 was essential for maintaining 
cell health. Overexpression of Bcl-2 blocked the apoptosis induced by OPA1 
depletion, which indicated the mitochondrial fission occurred before outer 
membrane permeabilization (Olichon et al., 2003). Consistently, overexpression 
of OPA1 could elongate mitochondria and protect cells from apoptosis triggered 
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by the intrinsic agents; whereas, OPA1 mutant lacking GTPase or C-terminal 
GTPase effector domains (GED) was unable to block the cell death (Cipolat et al., 
2004; Frezza et al., 2006) suggesting that mitochondrial fusion indeed related to 
cell death under certain conditions. Other than regulating mitochondrial 
dynamics and apoptosis, OPA1 was shown to involve in cristae remodeling 
(Frezza et al., 2006; Meeusen et al., 2006). Since cristae remodeling was reported 
to be essential for complete cytochrome c release, OPA1 was found to block 
cytochrome c release when overexpressed, while its GTPase domain mutant 
could not (Frezza et al., 2006), indicating that OPA1, particular the GTPase 
activity, was critical in maintaining cytochrome c in mitochondrial matrix and 
cell health. Alternative conclusion was also demonstrated by multiple lines of 
evidence utilizing high-resolution electron microscopy technique, it was found 
that upon apoptosis induction, the cristae remodeling occurred after cytochrome 
c release (Sun et al., 2007). Moreover, evidence suggested that cytochrome c 
dependent caspase activation was essential for cristae remodeling during 
apoptosis (Suen et al., 2008). Thus, additional studies are needed to distinguish 















Autophagy is a highly conserved process that facilitates self-degradation of 
cellular components including aggregated proteins, dysfunctioned organelles 
and infected pathogens (Andrade et al., 2006; He and Klionsky, 2009; Ravikumar 
et al., 2002). When autophagy occurs, double membrane vesicles termed 
phagophore are initiated, which expanse and engulf cytosolic contents destined 
for breakdown via forming the so-called autophagosomes. The autophagosomal 
outer membrane docks and fuses with the lysosomal membrane and the cargos 
are subsequently degraded by the hydrolases, as shown in Figure 1.9 (Cecconi 
and Levine, 2008; He and Klionsky, 2009). The degraded molecules are recycled 
and utilized by cells under nutrient deprivation or other stress conditions. 
Malfunction of autophagy leads to a variety of disorders such as tumorigenesis, 
diseases, and infection pathogenesis, because the efficient clearance of unneeded 
or damaged cellular components is important for normal cell function and cell 
survival (Degenhardt et al., 2006; Hara et al., 2006; Qu et al., 2003). The process 
of autophagy includes induction, cargo recognition, autophagosome formation, 
vesicle fusion and autophagosome breakdown, all of which are tightly regulated 
by a bunch of conserved proteins, the so-called Autophagy-Related (Atg) 
proteins (Mizushima, 2007; Yoshimori, 2004).  
 








Figure 1.9 A schematic model of autophagy process. 
The phagophore initiated by Atg1 (ULK1/2 in mammalian cells) extends its membrane 
with the help of PtdIns3K complex, which sequestrating protein aggregates, damaged 
organelles (such as mitochondria) and unneeded components. Bcl-2 represses PtdIns3K 
complex activity by binding to Beclin 1 (PtdIns3K complex component). Atg12-Atg5-
Atg16 and Atg8-PE (LC3-PE in mammalian cells) are recruited to the phagophore to 
facilitate autophagosome formation. After vesicle completion, autophagosome fuse with 




    In cells, the basal level of autophagy keeps low under a normal condition; 
therefore autophagy must be induced efficiently to adapt or overcome 
unfavorable conditions, such as starvation and microbe infection. The central 
modulator for the initiation of autophagy is the Ser/Thr proteins kinase mTOR 
(mammalian target of rapamycin), which could negatively regulate autophagy by 
repressing ULK1 (Unc-51-like kinase 1) and ULK2 activity (Chan, 2009; Chan et 
al., 2009; He and Klionsky, 2009). The mammalian homologue of yeast Atg17, 
FIP200 was found to form complex with ULK1 and ULK2 and Atg13, which were 
localized to the phagophore upon starvation (Hara et al., 2008; Jung et al., 2009). 
In the complex, ULK1 and ULK2 phosphorylate Atg13 and FIP200 and undergo 
autophosphorylation, resulting in a conformational change and induction of 
autophagy (Chan et al., 2009; Jung et al., 2009). Under a nutrient rich condition, 
mTOR binds with and phosphorylates ULKs and Atg13 to inhibit their activity; 
therefore, no autophagy is induced. Whereas, when mTOR is repressed under 
starvation or rapamycin treatment, ULKs are activated, which could further 
phosphorylate Atg13 and FIP200, resulting in broad induction of autophagy 
(Hosokawa et al., 2009; Jung et al., 2009). These studies indicate that mTOR or 
ULKs phosphorylate Atg13 on different sites, which elicit opposite effects on 
autophagy induction; therefore, Atg13 may function as a molecule switch to 
sense nutrient status for induction of autophagy (Chan, 2009; Hosokawa et al., 
2009; Jung et al., 2009).   
 
    The double membrane autophagosome formation, unlike most of vesicle in 
trafficking system, is formed by adding new membranes to the initiation 
structure, rather than being generated from the preexisting membrane smyces, 
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which makes formation of the autophagosome the most complicated step of 
autophagy. Therefore, multiple of Atg proteins must be recruited to the 
phagophore to mediate nucleation and sequestration, and also, these proteins 
must be tightly regulated during the process. The class III phosphatidylinositol 3-
kinase (PtdIns3K) complex, composed of PtdIns3K, p150, Barkor and Beclin1 is 
found to be essential for assembly of the initial phagophore upon autophagy 
induction (Itakura et al., 2008; Liang et al., 1999; Sun et al., 2008). The PtdIns3K 
complex is reported to recruit multiple Atg proteins to the PAS 
(preautophagosomal structure) in yeast, which facilitate nucleation of the 
membrane, however, the mammalian homologue of such Atg proteins are either 
not identified or not well characterized (He and Klionsky, 2009; Nice et al., 2002; 
Obara et al., 2008; Stromhaug et al., 2004). In addition, the PtdIns3K complex, 
together with the Atg proteins recruited, further assembles two Ubiquitin-like 
(Ubl) conjugation complexes, the Atg12-Atg5-Atg16 and Atg8-PE 
(phosphatidylethonalamine), to the phagophore to mediating membrane 
expansion and autophagosome formation (Suzuki et al., 2001; Suzuki et al., 
2007). The mammalian homologue of Atg8, LC3, which under a normal condition 
is cytosolic, translocates to the phagophore upon autophagy induction, is widely 
used for monitoring autophagy process (Kabeya et al., 2000; Kirisako et al., 
1999).  
 
    After completing autophagosome formation, lysosome will fuse with the 
autophagosome and degrade the inner vesicle. In mammalian cells, the 
lysosomal membrane protein LAMP-2 and the small GTPase Rab7 are involved in 
mediating the fusion event; however, the underlying mechanism remains to be 
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elucidated (Jager et al., 2004; Tanaka et al., 2000). Lysosomal hydrolases, such as 
proteinases A and B, and cathepsin B and L are responsible for degradation of 
vesicles fused with lysosome (Tanida et al., 2005). The small molecules, amino 
Acids, and other components of cellular structures can be transported back to 
cytosol as building blocks for numerous of cellular synthesis under stress 
condition. Recent studies found that yeast Atg22 and vacuolar permeases Avt3 
and Avt 4 could work together to mediate amino acid efflux during autophagy, 
indicating that the reuse of degraded components is also controlled by an 





There are two types of autophagy, the non-selective and selective autophagy 
(Mizushima, 2007). When cells are under nutrient-deprivation condition, non-
selective autophagy occurs to generate sufficient energy and building blocks for 
cell survival. On the contrary, selective autophagy happens even in normal 
conditions to mediate removal of damaged organelles, aggregated proteins, and 
superfluous, which otherwise could be toxic to the cells (Fisher and Williams, 
2008; Fu and Sztul, 2009; Matsui et al., 2006; Youle and Narendra, 2011). 
Mitophagy, the selective clearance of damaged mitochondria has been 
intensively studied during the past decade. In mammalian cells, two pathways 
have been well characterized, the NIX (NIP3-like protein X) pathway (Ding et al., 
2010a; Kanki, 2010; Zhang and Ney, 2009) and the Parkin-PINK1 pathway 
(Narendra et al., 2008). During red blood cell development, mitochondria are 
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removed by mitophagy, which could be mediated by NIX, because at the end 
stage of red cell differentiation, its expression increases significantly (Aerbajinai 
et al., 2003), and knockout of NIX results in incomplete removal of mitochondria 
in red blood cells (Sandoval et al., 2008; Schweers et al., 2007). NIX localizes to 
the outer mitochondrial membrane and contains a WXXL-like domain facing to 
the cytosol, which interacts with LC3 and GABA receptor-associated protein 
(GABARAP) (Novak et al., 2010; Schwarten et al., 2009). The Binding of LC3 and 
GABARAP were thought to be the main mechanism for NIX mediated mitophagy 
induction (Figure 1.10 a, although further studies are required for a more 
complete map of NIX mitophagy pathway.  
 
    Most recently, a Pakin-Pink1 pathway was developed in both mammalian cells 
and flies to elucidate the molecular mechanisms of mitophagy (Narendra et al., 
2008; Narendra et al., 2010a; Vives-Bauza et al., 2010; Ziviani et al., 2010). In 
2008, Youle’s group discovered that during selective mitochondrial degradation, 
Parkin was recruited from cytosol to mitochondria, which was essential for the 
following removal process (Narendra et al., 2008). Later, several groups 
independently identified that the PINK1 was responsible for Parkin translocation 
when mitophagy was induced (Matsuda et al., 2010; Narendra et al., 2010a; 
Vives-Bauza et al., 2010; Ziviani et al., 2010). Moreover, overexpression of PINK1 
or experimentally accumulate PINK1 on mitochondria are reported to induce 
Parkin translocation and mitophagy even without dissipating mitochondria 
(Kawajiri et al., 2010; Kim et al., 2008b), suggesting that PINK1, but not 
membrane potential, is essential for Parkin recruitment and mitophagy process. 
However, the mechanism governing how PINK1 recognizes damaged 
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mitochondria has not been clearly elucidated until recently a study indicated 
that the turnover of PINK1 was very fast in the mitochondria of healthy cells (Jin 
et al., 2010). It was reported that PINK1 expressed in cytosol could be imported 
into mitochondria and be degraded rapidly by proteolysis, which kept PINK1 in a 
low level under a normal condition. When a subset of mitochondria becomes 
damaged, PINK1 turnover was repressed, resulting in PINK1 stabilization in 
damaged mitochondria, which transmitted signal to remove the unhealthy 
mitochondria (Narendra et al., 2010a).  Subsequently, the PINK1 accumulated on 
mitochondria recruit Parkin by an unknown mechanism to facilitate mitophagy. 
Parkin, as an E3 ubiquitin ligase, mediated ubiquitination of mitochondrial 
substrates upon its translocation to the mitochondria (Figure 1.10 b). In most 
circumstances, Parkin exerts its ubiquitin ligase activity and ubiquitinates 
mitochondrial substrates under the treatment of CCCP, and the Lys63-linked 
polyubiquitin chains are predominantly displayed in mitophagy process. During 
selective autophagy, p62/sequestosome 1 binds both mono- and poly-
ubiquitinated proteins via its ubiquitin binding domain and LC3 to recruit 
ubiquitinated cargos into autophagosome for degradation (Kim et al., 2008a; 
Pankiv et al., 2007). In the process of mitophagy, p62 is found to be accumulated 
on mitochondria by binding to Parkin ubiquitinated substrates and mediates 
mitochondrial clustering (Ding et al., 2010b; Geisler et al., 2010; Lee et al., 2010; 
Okatsu et al., 2010); however, the issue of whether p62 is essential for promoting 
Parkin mediated mitophagy has contradictory results (Geisler et al., 2010; 
Narendra et al., 2010b). Not only the organelles could be removed by selective 
autophagy, but they can also contribute to the process of macroautophagy, such 
as supplying membrane smyce (Hailey et al., 2010; Tooze and Yoshimori, 2010), 
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generating ROS to induce autophagy (Scherz-Shouval et al., 2007) and tethering 
endoplasmic reticulum to provide docking sites for autophagosomes formation 
(de Brito and Scorrano, 2008; Hailey et al., 2010). However, it is still not clear 
how mitochondria and autophagy crosstalk at the molecular level and many 
questions remain unsolved.  For example, it is not yet known whether 
mitochondrial morphology changes have any impact on autophagy and vice 
versa, the autophagy effects on mitochondrial morphology and function also 









Figure 1.10 NIX and PINK1-parkin pathways of mitophagy. 
a. During differentiation, red blood cells lose their mitochondria via mitophagy. The 
process is mediated by an outer mitochondrial membrane protein NIX, which can binds 
to LC3 and facilitates autophagosome formation. b. Damaged mitochondria if lose 
membrane potential could accumulate PINK1and Parkin. Parkin ubiquitinates 
mitochondrial proteins and induces sequestration of damaged mitochondria by 
autophagosome. Later on, lysosome fuses with autophagosome and mitochondria are 
removed. This might be the mechanism of mitochondrial quality control (Adopted from 




a Model of mitophagy during red 
blood cell development 




1.5 Death-Associated Protein 3 (DAP3)  
 
1.5.1 Function and Regulation of DAP3 
 
DAP3, known as a mitochondrial ribosomal protein, the MRP-S29, is encoded by 
nucleus DNA, synthesized in cytosol and transported to mitochondria by its 
specific targeting sequence (Miller et al., 2008; O'Brien et al., 2000). Several lines 
of evidence indicate that it is a pro-apoptosis protein that involves in various 
stimuli-induced apoptosis such interferon γ, tumor necrosis factor α, as well as 
Fas (Kissil et al., 1995; Miyazaki and Reed, 2001). However, little is known about 
the mechanism of DAP3 in mediating cell death. Although there was a report 
indicated that DAP3 could interact with cellular death receptors, such as TNF-
related apoptosis-inducing ligand (TRAIL) receptors and Fas-associated death 
domain (FADD), on the cell membrane, others argue the space distance did not 
allow such interactions happen due to the mitochondrial localization of DAP3 
(Berger and Kretzler, 2002; Kissil et al., 1999; Miyazaki and Reed, 2001). Genetic 
studies found that DAP3 was essential for embryonic development, and loss of 
its function could lead to lethal of embryos at E9.5. More importantly, the 
mitochondria in embryos with complete deletion of DAP3 contain swollen 
cristae and shrunken mitochondria, (Figure 1.11), suggesting that DAP3 may 
have a role in regulating mitochondrial function (Kim et al., 2007). There was a 
report indicated that overexpressing of DAP3 resulted in increased 
mitochondrial fission, but the molecular mechanism has not yet been 
investigated (Mukamel and Kimchi, 2004). Most recently, DAP3 was found to 
bind with hNOA1, which is a GTPase located at the inner membrane of 
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mitochondria to mediate apoptosis (Tang et al., 2009), however, little is known 




Figure 1.11 Electron microscopy analysis of DAP3-/- embryos shows 
abnormal mitochondria. 
A and B show mitochondrial morphologies from the heart tissues in wild-type mice; C 
and D show mitochondrial morphologies from the heart tissues in DAP3-/- mice. In 
DAP3-/- embryos, mitochondrial membranes are partially ruptured, cristae are swollen 
and whole morphology is shrunken (Adopted from Kim et al., 2007). 
 
     
    DAP3 is a highly conserved protein through evolution and found in both 
prokaryotic cells and eukaryotic cells, with a molecular weight around 46kDa 
(Han et al., 2010; Morgan et al., 2001). DAP3 contains a conserved GTP-binding 
site Figure 1.12; (Kissil et al., 1999; Miller et al., 2008), which has been 
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considered essential for its apoptosis promoting function (Kissil et al., 1999; 




Figure 1.12 An alignment of conserved GTP-binding sites on DAP3 in 
Bovine, Human, Dog and Mouse 
The domains of G1, G2, G3 and G4 are predicted as GTP-binding sites (Adopted from 
Miller et al., 2008) 
 
 
1.5.2 DAP3 and Mitochondrial Ribosomal Function 
 
Mammalian mitochondrial ribosome is 55S, different from its ancestral, the 
bacterial 70S ribosome, or the cytoplasmic 80S ribosome (O'Brien, 2003). It is 
responsible for the translation of the thirteen mitochondrial-encoded proteins, 
which are key components of the inner membrane complexes crucial for 
generating energy in eukaryotic cells (Attardi, 1985; Chomyn et al., 1986). 
Mitochondrial ribosomes are composed of ribosomal RNAs and ribosomal 
proteins, all of which are nuclear encoded and synthesized in cytoplasm. They 
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are transported into mitochondria and coordinately assembled and regulated in 
mitochondrial matrix (O'Brien, 2003). The mammalian mitochondrial ribosomal 
RNAs are smaller than those counterparts in bacterial ribosomes and other 
ribosomes, with a 12S RNA containing 954 nucleotides in the small subunit and a 
16S RNA containing 1558 nucleotides in the large subunit (O'Brien, 2003). In 
addition, the mitochondrial ribosomal RNAs are not frequently modified 
compared to bacterial and cytoplasmic RNA; whereas, the only single 
pseudmyidine in mitochondrial RNA is conserved throughout all ribosomal 
RNAs. The unique specificity indicates a strong function at this modification 
(O'Brien, 2003). Mitochondrial ribosomal contains 78 proteins in total that have 
been sub-grouped into a small subunit and a large subunit, each containing 30 
proteins and 48 proteins, respectively (O'Brien, 2003). Recently, two of the 
mitochondrial ribosomal proteins DAP3 (MRPS29) and PDCD9 (MRPS30) have 
been identified to play a role in mediating apoptosis (Cavdar Koc et al., 2001), 
which broads the mitochondrial ribosomal function to a new direction, except 
for facilitating mitochondrial translation.  
 
    Multiple lines of evidence have demonstrated that defects of mitochondrial 
ribosomes severely affected assembly of complexes in the respiration chain 
(Antonicka et al., 2013; Janer et al., 2012; Richter et al., 2013), which might 
further lead to OXPHOS dysfunction. Most recently, Battersby’s group suggested 
that the mitochondrial translation defect could block cell proliferation, which 
brought new importance to the mitochondrial translation system (Richter et al., 
2013). It was reported that the mitochondrial translation itself but not OXPHOS 
deficiency inhibited cell proliferation, because the inhibition of cell proliferation 
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occurred before loss of mitochondrial respiration (Richter et al., 2013), 
indicating that there must be a signaling pathway other than mitochondrial 
respiration could sense the mitochondrial translation defect and regulate cell 
growth with an unknown mechanism. Moreover, clinical evidence demonstrated 
that cells from patients with mitochondrial disorders did not display a 
proliferation defects and the patients themselves did not show symptoms of 
proliferation abnormality (Ylikallio and Suomalainen, 2012). On the contrary, 
patients with defects in mitochondrial ribosomal small subunit exhibited 
proliferation problem during development (Miller et al., 2004; Smits et al., 2011). 
However, little is known about the molecular basis that links the mitochondrial 

















1.6 Hypothesis and Aims 
 
The regulations of mitochondrial dynamics are mainly involved in the fusion and 
fission machinery proteins such as Mfn1, Mfn2 and OPA1 for mediating fusion 
and Fis1, Mff, MiD49, MiD51 and Drp1 for mediating fission. Most of these 
proteins are located at outer mitochondrial membrane, which have been 
demonstrated to facilitate mitochondrial fuse and divide at outer membrane. 
Little is known for the control of mitochondrial dynamics at inner mitochondrial 
membrane, except inner membrane protein OPA1 has been shown to mediate 
inner membrane fusion. Therefore, large is unknown for the effect of the 
mitochondrial matrix on mitochondrial morphology control. 
 
    The function of DAP3 in regulating apoptosis has been intensively studied, 
despite the molecular mechanism is not well characterized. It has been widely 
accepted that mitochondrial morphology shifts their balance to a more fission 
state upon induction of apoptosis. More importantly, DAP3 reported as a 
mitochondrial matrix protein, and DAP3 knocked-out mouse displayed 
embryonic lethal, which indicated that DAP3 is essential for maintaining normal 
mitochondrial function. Moreover, mitochondrial cristae structure and 
mitochondrial morphology have severely phenotypes in DAP3-/- mice.  
Therefore, it’s reasonable formeto hypothesize that DAP3 might be a  
mitochondrial matrix protein that regulates mitochondrial dynamics, which 




    To address the above hypothesis, I aim to elucidate the direct effect of DAP3 on 
mitochondrial dynamics by studying gain- and loss-of-function of DAP3 in 
various cell types and measure mitochondrial dynamics using molecular, cellular 
and biochemical assays, as well as live-cell imaging. In addition, this thesis aims 
to study underlying the molecular mechanisms on how DAP3 affects the 






















CHAPTER 2 MATERIALS AND METHODS 
 
2.1 Cell Culture and Transfection 
 
2.1.1 Cell Lines 
 
Human embryonic kidney epithelial cells (HEK 293T), human cervical cancer 
cells (HeLa), human neuroblastoma cells (SH-SY5Y) and mouse embryonic 
fibroblast cells (MEFs) were used in the current studies. HEK 293T cells were 
mainly used for the biochemical assays of the mitochondrial fractionation and 
Co-IP study. While, HeLa cells, SH-SY5Y cells and MEF cells were mainly used for 
biochemical assays of the mitochondrial fractionation and the imaging analyses 
of mitochondrial morphology. Specifically, HeLa cells were also used for 
autophagy and cell death assays. 
 
 
2.1.2 Cell Culture 
 
HeLa, HEK 293T  and MEF cells were maintained in the Dulbecco’s modified 
Eagle medium (DMEM) (Hyclone), supplemented with 10% (v/v) fetal bovine 
serum (FBS) (Gibco) and 10U/ml Penicillin-streptomycin (Hyclone) unless 
otherwise noted. SH-SY5Y cells were maintained in a 1:1 mixture of Eagle’s 
minimum essential medium (Hyclone) with non-essential amino acid and Ham’ 
F12 medium supplemented with 10% fetal bovine serum. All cultures were 





HEK 293T cell line transfection 
Plasmid DNA was introduced into HEK 293T cells using calcium phosphate 
transfection. One day before transfection, cells were seeded in 10-cm plates. 
Before transfection, remove medium and rinse the cells with PBS quickly. After 
that, pre-warmed fresh medium was placed to each dish. The transfection 
cocktail including 10 g of the plasmid DNA, 500 l of 2 × HBS and 50 l of 2.5M 
CaCl2 was topped up to 1ml with distilled water. After cells reach 50%-60% 
confluence, the transfection cocktail was added directly into the culture medium.  
 
HeLa cell line transfection 
 
For HeLa cells, EffecteneTM (Qiagen) was used to transfect plasmid DNA. At 70%-
80% confluence, cells were washed by 1x PBS and then a fresh medium were 
added to each well. Cells in 12- or 6-well dishes were transfected with 6 l or 10 
l of Effectene reagent mixed with 0.3 g or 0.4 l of plasmid DNA and 2.4 l or 
3.2 l of enhancer, respectively. 
 
SH-SY5Y cell line and MEF cells transfection 
 
Transfection using lipofectamine 2000 (Invitrogen) for SH-SY5Y cells and MEF 
cells were performed according to manufacturer’s protocol. Generally, cells at 
60%-70% confluences in 12-well plates were changed to non-antibiotics 
medium before they were ready for transfection. A total of 2 l of Lipofectamine 
51 
 
2000TM reagent mixed in 100 l of OPTI for 5 min was combined with 0.4 g of 
plasmid DNA mixed in the 100 l of OPTI. The transfection cocktail was 
incubated in room temperature for another 20 min, followed by adding into cells 
directly. 6 h later, medium can be changed and cells were incubated for 
additional 24 h before cells were preceded to imaging by a fluorescence 
microscope or biochemical assays. 
 
siRNA transfection using oligofectamine 
 
Transfection of siRNA into HeLa or SHSY5Y cells using OligofectamineTM 
(Invitrogen) was performed according to manufacturer’s protocol. Briefly, cells 
at 60%-70% confluences in 12-well plates were changed to non-antibiotics 
medium before they were ready for transfection. A total of 6 l of 
OligofectamineTM reagent mixed in 24 l of OPTI for 5 min was combined with 
120 pmol siRNA mixed in 100 l of OPTI. The transfection cocktail was incubated 
in room temperature for another 20 min, followed by adding into cells directly. 
48 h after transfection, the knockdown efficiency of the target proteins were 
validated by Western blotting or immunofluorescence. All of the siRNA 










Table 2.1 Sequences of siRNAs used in this study 
 
Name of sequence Sequence (5’-3’) 
DAP3 siRNA#1 (Human) AGGCUUCAACCUGGCUGAAGAAUUU 
DAP3 siRNA#2 (Human) CCUAGUGGCCGUGGAUGGAAUCAAU 
DAP3 siRNA#3 (Human) GGCUUAUCUCUAGGAUCCAUAAGUU 
DAP3 siRNA#4 (Mouse) ACCUGGCUGAAGAAUUUCAAAACUA 
DAP3 siRNA#4 (Mouse) AACUUCUGGACCCUGGAGAAAAGCC 
Drp1 siRNA (Human) AGAAGCAGAAGAAUGGGGUAAAUUU 
Mff siRNA (Human) AACGCUGACCUGGAACAAGGA 





2.1.4 Treatments of Cells 
 
To inhibit calcineurin activity or stimulate PKA activity, HeLa and SHSY5Y cells 
were treated with 200 nM FK506 (InvivoGen; dissolved in DMSO) or 20 M 
forskolin (Enzo; dissolved in DMSO) respectively. To investigate the autophagy 
process, EBSS and 100 M chloroquine (Sigma; dissolved in PBS) were used to 
treat HeLa and SHSY5Y cells; To induce intrinsic and extrinsic cell death, 20- 
ng/ml TNF-α (Sigma; dissolved in DMSO) plus 3 g/ml cycloheximide (Sigma; 
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dissolved in DMSO); 20 M CCCP (Sigma; dissolved in DMSO); 100 nM 
staurosporine (Sigma; dissolved in DMSO) were applied as indicated.  
 
 
2.2 Plasmids Construction 
 
2.2.1 RNA Isolation 
 
Total RNA from HEK 293T cells was isolated using Trizol reagent (Invitrogen) 
according to manufacturer’s protocol. Generally, a 10-cm dish of HEK 293T cells 
was washed with 1x PBS and subsequently a total of 1 ml of Trizol were added to 
the cells. The homogenized sample was incubated at room temperature for 5 min 
and 200 l chloroform was added into the sample. Immediately vortex the tube 
for 15 seconds and incubates the sample at room temperature for 2-3 min 
followed by centrifugation at 12,000 g for 15 min at 4 C. After centrifugation, 
carefully transfer the aqueous phase to a fresh tube and mixed with 500 l 
isopropyl alcohol. The RNA was precipitated by centrifugation another 15 min at 
12,000 g at 4 C. The RNA was washed by 70% ethanol re-precipitated. The 









2.2.2 PCR and Electrophoresis 
 
First strand cDNA was synthesized from 2 g of the isolated RNA. The reverse 
transcription system was incubated at 42 C for 1 hour. The cDNA was used 
immediately or stored at -80 C. The reaction system was shown in Table 2.2. 
 
 
Table 2.2 Components of reverse transcription reaction system 
 
Components Volume (l) 
RNA template (1 g/l) 2 
dNTP (10 mM)                                          1 
DTT (0.1 M) 2 
Oligo-dT18 (100 M) 1 
Reverse transcriptase (200 U/l)* 0.25 
5 × first strand buffer 4 
Sterile distilled water 10.75 
Total 20 
 
*The reverse transcriptase used in this study was Super Script 2TM Reverse 





    The full length DAP3 was amplified by polymerase chain reaction (PCR) from 
the cDNA library using DyNAzymeTM EXT DNA polymerase (Finnzymes, Thermo 
Scientific). The reaction system adopted was shown in Table 2.3. The PCR 
reaction temperature adopted was shown in Table 2.4. The sequence of primers 
used in this study was shown in Table 2.5. Drp1, Drp1K38A, Mfn1, Mfn2, and Bax 
cDNAs were kindly provided by Dr. Yu Chun Kong, Victor (NUS, Singapore). Mito-
GFP and Mito-RFP plasmids were kindly provided by Dr. Chen Quan (CAS, China). 
GFP-LC3 and Tandem mRFP-GFP-LC3 plasmids were kindly provided by Dr. 
Shen Hanming (NUS, Singapore). . 
 
 
Table 2.3 Components of PCR reaction mixture system 
 
Components Volume (l) 
cDNA template (50 ng/l) 2 
Forward primer (10 nM) 0.5 
Reverse primer (10 nM) 0.5 
dNTP (10 nM) 0.5 
10 × 514 buffer 2.5 
DyNAzymeTMEXT 0.5 
Sterile distilled water 18.5 






Table 2.4 Cycling parameters of PCR for cDNA cloning 
 
Cycle Step Temperature (°C) Time 
1 Initialization 94 2 min 
 
30 
Denaturation 94 30 s 
Annealing 55* 50 s 
Extension 72 1.5 min** 
1 Final elongation 72 8 min 
1 Final hold 4 ∞ 
 
* Annealing temperature was determined by melting temperature (Tm) of 
selected primers. 















Table 2.5 Primers used for DAP3 and its truncation mutants reverse 
transcription PCR in this study 
 
Name of primer Vector Sequence (5’-3’) 
DAP3 full length 
 
c-Flag (F) GCTCTAGAACCATGATGCTGAAAGGAATAACA 
(R) GGGGTACCGAGGTAGGCACAGTGCCGCTC 
DAP3 full length 
 
EGFP-N1 (F) CCGCTCGAGATGATGCTGAAAGGAATAACA 
(R) GGGGTACCAAGAGGTAGGCACAGTGCCGC 
DAP3-G1D  (F) TCTTCTGTATACCCTAAGTCTTTGCCATGT 
(R) GACTTAGGGTATACAGAAGATATCGTATAG 
DAP3-G2D  (F) GAATTTCAAAACAAATGAGCGCTTCCTGAA  
(R) GCTCATTTGTTTTGAAATTCTTCAGCCAGG 
DAP3-G3D  (F) GAACGCCACAATTGTGCTGAAAGAGCTAAA 
(R) TCAGCACAATTGTGGCGTTCCTCACCCGTG 
DAP3-G4D  (F) GTATGTCTGGAGCACTGAGAAAGGGAGTCC 
(R) TCTCAGTGCTCCAGACATACTTCTCTTGAA 
DAP325-398 EGFP-N1 (F) CCGCTCGAGATGGGGACCCAGGCTCGCCAA 
(R) GGGGTACCAAGAGGTAGGCACAGTGCCGC 
DAP3 full length 
 









2.2.3 Construction of DAP3 Expression Vectors 
 
Each of the genes amplified from the cDNA library or template was purified 
using QIAquick Gel Extraction Kit (Qiagen) after agarose gel electrophoresis and 
then subjected to double restriction enzymatic digestion. DAP3 and its 
truncation mutants were inserted into an EGFP-N1 vector (Dr. L. W. Deng, NUS, 
Singapore) using Xho1 and Kpn1 restriction sites and C-Flag vector (Addgene) 
using Xba1 and Kpn1 restriction enzyme sites, respectively. Restriction enzymes 
and buffers used in this study were purchased from NEB. The reaction system 
was incubated at 37 °C for 2-6 hous. The components of restriction digestion 
reaction system were shown in Table 2.6. 
 
Table 2.6 Double restriction digestion system adopted in this study 
 
Components Volume (μl) 
Purified PCR products 10 
Restriction enzyme 1 1 
Restriction enzyme 2 1 
10 × buffer 3 
BSA (10mg/ml) 0.5 
Sterile distilled water 14.5 






    The digestion products were purified using QIAquick Gel Extraction Kit 
(Qiagen) after agarose gel electrophoresis and subjected to ligation. The ligation 
reaction was performed at 16 °C overnight. The reagents added in the ligation 
system were shown in Table 2.7.  After ligation, the product was transformed 
into DH5α or TOP10 competent cells. The transformed competent cells were 
spread and grown on drug selection LB plate for around 15 hours and clonies on 
the plate were picked for plasmid extraction. 
 
Table 2.7 the ligation system adopted in this study 
 
Components           Volume (μl) 
Digested PCR products 7.4 
Digested vector 0.6 
T4 ligase (Promega) 0.5 
10 × buffer 1 
Sterile distilled water 0.5 




2.2.4 Site-Directed Mutagenesis 
 
DAP3-GFP single and multiple mutations were performed by site-directed 
mutagenesis with QuickChangeTM Site-Directed Mutagenesis Kit (Stratagene, CA, 
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US) followed the manufacturer’s instruction. The PCR reaction mixture for site-
directed mutagenesis was shown in Table 2.8. 
 
 
Table 2.8 Site-Directed Mutagenesis PCR reaction system 
 
Components Volume (μl) 
Template plasmid (50 ng/μl) 1 
Primer forward (10nM) 1 
Primer reverse (10nM) 1 
dNTP (10nM) 1 
10 × buffer 5 
PfuTurbo DNA polymerase 1 
Sterile distilled water 40 
Total volume 50 
 
     
 
 
    The PCR products were subsequently digested by Dpn I restriction enzyme (10 
U/μl) for 2 hours at 37 °C and the digested products were transformed into 
DH5α or TOP10 competent cells for plasmid extraction. The mutations were 
verified by DNA sequencing. The digestion system adopted in this study was 




Table 2.9 Components of Dpn1 digestion system 
 
Components Volume (μl) 
Purified PCR products 10 
Dpn1 1 
Total volume 11 
 
 
2.2.5 DNA Sequencing 
 
Constructs received from the above steps were subjected to sequencing for 
verification of the DNA sequences. The sequencing PCR mixture and cycling 
parameters adopted in this study were shown in Table 2.10 and Table 2.11 
respectively. 
 
Table 2.10 Sequencing PCR reaction system adopted in this study 
 
Components Volume (μl) 
Template plasmid (50 ng/μl) 1 
Primer (5pM) 1 
Big dye version 3 (Applied Biosystems) 2 
5×Sequencing Buffer 2 
Sterile distilled water 4 





Table 2.11 Sequencing PCR parameters 
 
Cycle Step Temperature (°C) Time 





95 10 s 
50 5 s 
60 60 s 
1 3 16 ∞ 
 
 
    The 10 μl of the sequencing PCR products containing the amplified DNA was 
mixed with 20 μl of 3 M NaOAc pH 4.6 and 50 μl of 95% ethanol and incubated at 
room temperature for 15 min. The sample was then centrifuged at 14,000 rpm at 
room temperature for 30 min. The supernatant was removed and the pellet was 
washed twice with 500 μl of 70% ethanol, centrifuging at top speed for 10 min 
after each wash. The DNA pellet was dried at 60 °C before automated sequencing 










2.3 Western Blot 
 
Cells were washed by 1x PBS and put on ice immediately. For 10-cm plates, 1 ml 
RIPA buffer (20 mM Tris-Cl at pH 8.0, 125 mM NaCl, 0.5% NP-40, 5% glycerol) 
wuth phosphatases inhibitors (20 mM NaF, 0.2 mM Na3VO4, 2 mM EDTA) and 
protease inhibitors (Sigma) was added to cover all the cells in the plate, which 
was then put on ice for 30 min with occasionally shaking. After the incubation, 
cells were transferred to a new tube and then centrifuged at a maximum speed 
for 30 min at 4 °C. The supernatant was collected and the protein concentration 
was determined using a Bradford Protein Assay reagent (Bio-Rad) following 
manufacturer’s instructions. An equal amount of 2 × SDS loading dye was added 
to each sample and boiled at 95 °C for 15 min before loading for SDS-PAGE. The 
proteins separated on SDS-PAGE in a SDS-running buffer (12.5 mM Tris-Cl [pH 
7.4], 96 mM glycine, 1.7 mM SDS) were immediately transferred onto a PVDF 
(polyvinylidene difluoride) membrane (Millipore) in a semi-dry transfer buffer 
(48 mM Tris, 39 mM glycin, 20 % methanol and 0.01% SDS) at 15 volt for 1 hour 
using a Trans-Blot SD semi-dry transfer cell (Bio-Rad). The membranes were 
then incubated in 5% BSA in TBST (20 mM Tris-Cl [pH 7.4], 137 mM NaCl, 0.1% 
Tween-20) for 1 hour, followed by washing with 1x TBST for 3 times, 10 min 
each time. After washing, the membranes were incubated in primary antibodies 
diluted in 1x TBST over night at 4 °C or at room temperature for 1 hour. After 
primary antibody incubation, the membranes were washed by 1x TBST again for 
3 times and subsequently incubated in secondary antibodies for 1 hour at room 
temperature. Washing was carried out again at the end of secondary antibody 
incubation as described above. Proteins on membranes were detected by 
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enzyme-substrate reaction using an ECL kit (Pierce) and exposure to FUJI 
medical X-Ray film (FUJIFILM). 
 
 
2.4 Mitochondrial Extraction  
 
HEK 293T, HeLa and MEF cells cultured in 10-cm dish were washed with 1x PBS 
before harvested with a pre-cold mitochondrial extraction buffer (220 mM 
mannitol, 70 mM sucrose, 20 mM Hepes-KOH, pH 7.5, 1 mM EDTA, 0.5 mM PMSF, 
and 2 mg/ml BSA) supplemented with protease inhibitors including 0.7 μg/ml 
pepstatin, 0.5 μg/ml leupeptin and 2.2 mg/ml Aprotinin. The cells were scrapped 
down and transferred to a new 1.5 ml tube; subsequently, the cells were passed 
through a 25-G syringe (BD) for ten times on ice. The homogenized cells were 
centrifuged for 15 min at 4 °C, 1000 g. Transfer the supernatant to a new tube 
followed by another 20 min centrifugation at 4 °C, 10,000x g to pellet the 
mitochondria. The supernatant fraction was the cytosolic protein. 
 
 
2.5 Mitochondrial Membrane Analysis Assay And Proteinase K Digestion  
 
For mitochondrial membrane analysis and proteinase K digestion assay, 
mitochondria of HeLa cells were pelleted as the method described previously. 
Mitochondrial samples were resuspended in freshly prepared 0.1 M Na2CO3, pH 
11.5, and incubated on ice for 30 min with vortexing every 10 min. After the 
incubation, membranes were centrifuged down to the pellet at 100,000 g for 30 
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min at 4 °C, and the supernatant were collected as inter-mitochondrial 
membrane space and matrix proteins. 
 
    For proteinase K digestion assay, isolated mitochondria were resuspended in 
mitochondrial isolation buffer and incubated with different proteinase K 
concentrations on ice for 30 min. PMSF was added to stop the digestion and the 
samples were precipitated by TCA. Pellets were resuspended in RIPA buffer (20 
mM Tris-Cl [pH 8.0], 125 mM NaCl, 0.5% NP-40, 5% glycerol, 20 mM NaF, 0.2 
mM Na3VO4, 2 mM EDTA, and protease inhibitors) for 30 min and subjected to 





For Flag-tagged constructs, 100 μg of cell lysates or mitochondrial lysates were 
incubated with 4 μl FLAG M2 beads (Sigma-Aldrich) for 3 hours at 4 °C, followed 
by washing with 1x mammalian cell lysis buffer (50 mM Hepes, 100 mM NaCl, 1.5 
mM MgCl2, 1 mM EDTA, 1% Triton X-100 and 10% glycerol) for 5 times. The 
immunocomplexes were resolved in 2 × SDS loading buffer for 15 min at 95 °C 










HeLa cells were seeded on sterilized glass coverslips in 12-well plates 24 hours 
before transfection with indicated plasmids or siRNAs. After transfection, cells 
were cultured for indicated time and fixed by freshly prepared 4% PFA 
(paraformaldehyde) for 15 min at room temperature. PFA was removed after 
fixation followed by 2 times wash with PBS and the coverslips were then 
incubated with 3% BSA + 0.1~0.5% Triton X-100 in PBS for 30 min at room 
temperature for blocking and permeabilization. After the incubation, coverslips 
were washed by PBS for 3 times and followed by incubation with primary 
antibodies diluted in 3% BSA for 1 hour at room temperature. After primary 
antibody incubation, coverslips were washed again and incubated with 
fluorescence conjugated secondary antibodies for 45 min at room temperature. 
The secondary antibodies used were Alexa Fluor dye-conjugated IgG listed in 
Table 2.12. (Molecular Probe, Invitrogen) After incubation, coverslips were 
washed by 1x PBS and DNA was stained by Hoechst 33342 (Invitrogen) for 15 in 
at room temperature. Cells stained by various dyes were mounted onto glass 









Table 2.12 Fluorescence conjugated secondary antibodies used in this 
study 
 
Probe Excitation (nm) Emission (nm) 
Alexa Fluor 488 488 516 
Alexa Fluor 568 580 603 




2.8 Live Cell Imaging And Fluorescence Recovery After Photobleaching 
(FRAP) 
 
For live cell imaging, HeLa cells seeded in a 35mm-glass-bottom dish with 
different treatments were incubated at 37 °C, 5% CO2 chamber equipped on the 
microscope, and time lapse imaging was taken on Ultraview Vox spinning disc 
confocal system (PerkinElmer). VolocityTM (PerkinElmer) was used to control all 
the parameters used for image acquisition. 
 
    For FRAP analysis, HeLa cells stably expressing mito-Red were treated by 
different siRNAs till the indicated time. Cells were placed on the live imaging 
system described above, and the laser line of 561 nm was used to bleach a 2 × 2 
μm2 area placed on the fiber of mitochondrial network. 20 sec of recovery time 
for each bleaching was used to make sure the recovery had reached their 
plateau. 30 FRAP curves with each siRNA transfection were analyzed by 
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measuring the intensities of mito-Red fluorescence in the photobleached area. 
Mobile fraction and turnover half live (T1/2) for mito-Red were calculated by 
fitting normalized recovery curve into a constrained exponential formula: f(t) = A 
(1-e-kt) (Sprague and McNally 2005). 
 
2.9 Cell Fusion Assay 
 
HeLa cells stably expressing mito-GFP and mito-Red, respectively, were 
transfected with DAP3 siRNA for 48 hours followed by co-plating on coverslips 
with a ratio 1:1, and co-cultured for around 16~18 hours. After that, pre-
warmed PEG Hybri-Max™, 50 % (w/v) (Sigma) was used to induce cell fusion by 
a 90 sec treatment. Cells then were intensively washed by 1x pre-warmed PBS, 
followed by another co-culturing for the indicated times. After the additional co-
cultivation, cells were fixed with 4% PFA at room temperature for 15 min. PFA 
was removed after fixation and coverslips were washed by 1x PBS twice before 
mounted on the glass slides. To inhibit de novo synthesis of fluorescence 
proteins, 30 μg/ml cycloheximide (CHX) was added into medium 30 min before 
PEG treatment and included in all mediums thereafter. 
 
2.10 Flow Cytometry Analysis 
 
HeLa cells transfected with DAP3 siRNAs for 48 hours were trypsinized and 
washed by 1x PBS twice. The JC-1 dye (Invitrogen) for measuring mitochondrial 
membrane potential was diluted in medium at 1 μg/ml to resuspend and stain 
the cells. Resuspended cells were put in a cell culture incubator for 15 min for 
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the staining and after which, JC-1 medium was replaced by fresh medium. 
Labeled samples were then analyzed on Dako flow cytometry (Dako) and results 
were analyzed using SummitTM 4.3. 10,000 events were recorded for each 
experiment. 
 
    HeLa cells transfected with DAP3 siRNA for 48 hours were treated with 20 
ng/ml TNF-α +3 g/ml cycloheximide, 20 M CCCP, 100 nM staurosporine, and 
EBSS as indicated. Immediately after the treatment, cells were harvested to a 
15ml Falcon tube (including floating cells). Cells were pelleted by centrifugation 
at (200 g, 5 min) and supernatant was discarded. The propidium iodide (10 
μg/ml, Sigma-Aldrich) for staining dead cell was diluted in medium at 10 ng/ml 
to resuspend and stain the cells. 5 min later, labeled samples were then analyzed 
on Dako flow cytometry (Dako) and results were analyzed using summit 4.3. 
10,000 events were recorded for each experiment. 
 
2.11ATP Production Assay 
 
ATP was measured by using the ATP determination kit (Molecular Probes) 
according to manufacturer’s instruction. In brief, HeLa cells transfected with 
control or DAP3 siRNAs and MEF cells with different genotypes (WT, OPA1-/- and 
Mfn1/2-/-) were washed with 1 × PBS and placed in ice-cold ATP buffer (20 mM 
Tris-HCl, PH7.5, 0.5% Nonidet P-40, 25 mM NaCl, and 2.5 mM EDTA) for 5 min. 
Lysates were then centrifuged at 13,000 × g for 30 min at 4 °C and supernatants 
were collected and protein concentrations were measured using the Bradford 
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Protein Assay reagent (Bio-Rad). ATP levels were determined by using 0.5 μg of 
proteins for each reaction and every sample was measured in triplicate. 
 
 
2.12 Electron Microscopy Analysis 
 
HeLa cells grown in 6-well plate were transfected with either control or DAP3 
siRNA for 48 hours. Then 300 ul of the fixation buffer was added into the cell 
culture medium and immediately remove the medium by aspiration, and then 
add 2ml of fixation buffer to the cells to continue fix it for 2 hours. After fixation, 
cells were washed with 1x PBS and then proceeded for dehydration. Dehydration 
was performed in graded series of ETOH – 30%, 50%, 70%, 95%, 2 × 100% 
ETOH for 15 min and 2 × Propylene Oxide (PO) for 15 min. After that, cells were 
spanned down and resuspended in 1:1 PO/resin and incubated at room 
temperature for 2 days with Eppendorf tubes uncapped. Then embedded the 
fixed cells in 80 °C oven till resin hardened. The embedded cells were then 
preceded for trimming, sectioning and staining, after which samples could be 
observed under TEM. The fixation buffer used in this study was 2.5% 
glutaraldehyde in 0.2 M sodium phosphate buffer (PH 7.4). 
 
 
2.13 Proteins Expression and Purification 
 
DAP3 and its G1 mutant were subcloned into a pET42b (+) vector and 
transformed into BL21 E. coli for protein expression and purification. Colonies 
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from mini inoculation systems (30 ml) were further incubated in 1 L LB at 37 °C, 
250 rpm to a bacterial density of OD600 0.8 measured at 600 nm. Then IPTG was 
added at a final concentration of 0.4 mM to induce protein expression. The 
induction was continued for around three hours and bacterial was lysed and 
proteins were extracted. To enhance the solubility of the proteins, I used a 
detergent called Sarkosyl, 0.4% in the total lysis buffer (25 mM Tris-HCl, 500 mM 
NaCl, 10 mM β- mercaptoethanol, 1% Tween-20, pH 7.0) during the extraction of 
protein just before subjected to ultra-sonication. Protein purification was 
performed by using Ni-NTA beads from Qiagen (USA), according to 
manufacturer’s instruction. Wash buffer was composed of 25 mM Tris-HCl, 500 
mM NaCl, 10 mM β- mercaptoethanol, 0.5% Tween-20, 20 mM imidazole, pH 7.0 
and elution buffer was composed of 25 mM Tris-HCl, 500 mM NaCl, 10 mM β- 
mercaptoethanol, 250 mM imidazole, pH 7.0. FPLC was employed to further 
purify the DPA3 and G1 mutant proteins. GE Healthcare’s 16/60 Superdex 75 
Prep Grade column was used for gel filtration. The eluted proteins fractions were 
examined by Coomassie blue staining and Western Blot. 
 
 
2.14 GTPase Assay 
 
The GTPase activity of the full-length DAP3 and its G1 mutant was measured by 
using a GTPase assay kit (Innova Biosciences, USA) according to manufacturer’s 
instruction. Briefly, in a 96-well plate, 100 μl of substrate buffer (20 μl 0.5M Tris-
HCl pH 7.5, 5 μl 0.1 M MgCl2, 10 μl 10 mM GTP, 65 μl MilliQ H2O) and 100 μl 
protein samples were added sequentially and incubated with indicated time. 50 
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μl of Gold mix (50μl Pi ColmyLockTM Gold, 0.5 μl Gold Accelerator) was added to 
stop the reactions, after which, 20 μl of stabilizer was added and incubated for 
another 30 minutes. The plate was then measured at 595 nm by a 





Antibodies used in this study are: Anti-DAP3 (BD BioScience, 610662); anti-
Tom20 (Santa Cruz, sc-17764); anti-Cytochrome c (BD Bioscience, 556433 and 
556432); anti-Tim23 (BD BioScience, 611222); anti-VDAC1 (Santa Cruz, sc-
8828); anti-Hsp60 (Santa Cruz, sc-1052); anti-Drp1 (BD BioScience, 611112); 
anti-Phospho-Drp1 (Cell signaling, 4867); anti-Mff (Abcam, 139026); anti-Fis1 
(Enzo, ALX-210-1037-0100); anti-OPA1 (BD BioScience, 612606); anti-Mfn1 
(Santa Cruz, sc-50330); anti-Mfn2 (Abcam, ab50838); anti-LC3-II (Cell signaling, 
3868), anti-Beclin-1 (Cell signaling, 3495); anti-Atg5 (Cell signaling, 8540); anti-
Atg12 (Cell signaling, 4180); anti-Atg7 (Cell signaling, 8558); anti-MT-ND5 
(abcam, ab92624); anti-Cytochrome C oxidase subunit II (abcam, ab79393) anti-
Tubulin (Sigma-Aldrich, T5168); anti-GAPDH (Santa Cruz, sc-47724); anti-GFP 








CHAPTER 3 RESULTS 
 
3.1 Characterization of DAP3 Function on Mitochondrial Dynamics 
 
3.1.1 DAP3 Localizes to Mitochondrial Matrix 
 
Studies on DAP3 have revealed its function in promoting cell death (Kissil et al., 
1999; Kissil et al., 1995), but the results of subcellular location for DAP3 were 
controversial; some reports indicated that DAP3 was localized in mitochondria, 
but others argued there was also a cytosolic pool of DAP3 (Miyazaki and Reed, 
2001). To clarify, I conducted immunostaining to confirm the localization of 
endogenous DAP3 and Western blot to analyze subcellular fractionations using 
anti-DAP3 antibody. As shown in Figure 3.1 A, the endogenous DAP3 co-localized 
well with mitochondria indicated by Mito-tracker dye when treated with 0.5% 
Triton X-100. In addition, both the signal intensity of DAP3 and Mito-tracker  was 
correlated well by line scan profile, which is consistent with that of staining 
(Figure 3.1 B). On the contrary, when cells were treated with 0.1% Triton X-100, 
the signal intensity of DAP3 was much decreased on mitochondria (Figure 3.1 A 














Figure 3.1 DAP3 localizes to inside of mitochondria  
(A) HeLa cells were fixed with 4% paraformaldehyde and permeablized by 0.5% and 
0.1% Triton-X 100 for 30 min, respectively. Cells were stained with anti-DAP3 antibody 
and mitochondrial specific dye MitoTracker. DNA was stained with Hoechst 33342, scale 
bar: 10 μm. The selected boxes were enlarged for the detailed mitochondrial 
morphology, shown in the lower panels, scale bar: 5 μm. 
(B) Graphs represent the relative fluorescence intensity along the line scan of DAP3 










    Consistently, the endogenous DAP3 of different cell lines (HeLa, HEK 293T and 
MEF) was also detected in mitochondrial fraction but not cytosolic fraction 
(Figure 3.2A). To further determine the sub-mitochondrial location of DAP3, 
proteinase K (PK) protection assay was performed. As shown in Figure 3B, the 
PK treatment resulted in the disappearance of the outer membrane protein 
Tom20 and intermembrane space protein cytochrome c, respectively. DAP3, the 
inner membrane protein Tim23 and mitochondrial matrix protein Hsp60 were 
protected, unless Triton X-100 was added (Figure 3.2B). In addition, 
mitochondrial fractions applied to alkaline (Na2CO3) extraction suggested that 
DAP3, like cytochrome c, was predominantly retained in the supernatant 
fraction, whereas the membrane integrated proteins Tom20 and Tim23 were 
mainly found in the mitochondrial membrane pellet (Figure 3.2C and 3.2D). 



















Figure 3.2 DAP3 localizes to the matrix of mitochondria  
(A) HeLa, 293T and MEF cells were fractionated and analyzed by immunoblotting using 
antibodies against the indicated proteins. 
(B) Mitochondria of HeLa cells from panel A were digested by proteinase K with 
indicated concentrations and analyzed by immunoblotting using antibodies against 
DAP3, Tom20, Cytochrome c, Tim23 and HSP60, respectively. 
(C) Mitochondria of HeLa cells from panel A were analyzed by immunoblotting using 
antibodies against DAP3, Tom20, Tim23 and GAPDH, respectively. 
(D) The mitochondrial fraction of HeLa cells from Panel C was subjected to alkaline 
extraction using sodium carbonate and immunoblotted against DAP3, Tom20, 








3.1.2 Depletion of DAP3 Results in Mitochondrial Fragmentation 
 
A recent study suggests that DAP3 is essential for embryonic development and 
mitochondrial function (Kim et al., 2007). Mitochondria are shrunken with 
swollen cristae in DAP3 deficient mouse embryos (Kim et al., 2007). To 
investigate whether abnormal mitochondrial morphology was induced by 
disrupting mitochondrial dynamics, I designed three siRNAs to knockdown the 
endogenous DAP3 in HeLa cells and assessed the mitochondrial morphology by 
Tom20 (Figure 3.3A). The depletion levels of DAP3 were examined by 
immnunostaining and Western blot analysis (Figure 3.3B and 3.3C). Quantitative 
result indicated that depletion of DAP3 led to a significant increase of cells with 


















Figure 3.3 Knockdown of DAP3 leads to mitochondrial fragmentation  
(A) Mitochondrial morphology in the control small interfering RNA (siRNA) and DAP3-
siRNA treated HeLa cells, respectively. Cells were stained with anti-Tom20 antibody 
(Green). DNA was stained with Hoechst 33342, scale bar: 10 μm.  
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(B) Whole cell lysates of control-siRNA and DAP3-siRNA HeLa cells were collected and 
subjected to SDS-PAGE, respectively. The knocking down levels of DAP3 protein was 
detected using an anti-DAP3 antibody. 
(C) Mitochondrial morphology in the control small interfering RNA (siRNA) HeLa cells 
and DAP3-siRNA HeLa cells. Cells stably expressing mito-dsRed were stained with anti-
DAP3 antibody (Green). DNA was stained with Hoechst 33342, scale bar: 10 μm. The 
detailed mitochondrial morphological imaging was enlarged from the selected box, scale 
bar: 5 μm. 
(D) The bar chart represents the percentage of different types of mitochondrial 
morphology for control siRNA, and DAP3-siRNA transfected HeLa cells. (n = number of 
cells quantified from three independent experiments). Error bars represent + SEM. 
 
 
    To further examine the extent of fission induced by depletion of DAP3, a 
quantitative fluorescence recovery after photobleaching (FRAP) assay was 
conducted to measure the interconnectivity of mitochondria. Mitochondrial 
fluorescence recovery levels were lower and recovery rate were slower in the 
DAP3-siRNA transfected cells compared to the control siRNA-transfected cells 
(Figure 3.4A and 3.4B), specifically, the average mobile fraction was 
approximately 0.82 in the control cells; whereas, in DAP3 knockdown cells, the 
average mobile fraction was decreased to around 0.62 (Figure 3.4C). 
Furthermore, the average recovery half time (T1/2) of the DAP3-depleted cells 
was 1.34 sec, much slower than that of 0.94 sec in the control cells (Figure 3.4D). 
Electron microscopy revealed shortened mitochondria in DAP3-depleted cells 
compared to control cells (Figure 3.5). These results suggest that DAP3 is 






Figure 3.4 Quantification of DAP3-depletion induced mitochondrial fragmentation 
by FRAP assay  
(A) Representative images of mitochondrial signal recovery in fluorescence recovery 
after photobleaching (FRAP) assay. HeLa cells stably expressing mito-DsRed were 
transfected with control-siRNA or DAP3-siRNA as indicated. Live-cell imaging was 
acquired in a 0.5 s interval. A 2 × 2 μm2 square region of interest (ROI) was selected on 
the mitochondrial fiber and photobleached using a 561 nm laser. Scale bar: 10 μm. 
(B) A normalized recovery curve of the mito-DsRed signal intensity after 
photobleaching. HeLa cells stably expressing mito-DsRed were transfected with control 
siRNA and DAP3-siRNA as indicated. The recovery of mito-DsRed signal intensity in the 
ROI was measured. Data were collected from three independent experiments. Error bars 
represent + SEM. 
(C) A bar chart representing the mobile fraction of mito-DsRed fluorescent signal in the 
photobleached area. *p ≤0.01 (two-tailed t test). Error bars represent + SEM. 
(D) A bar chart representing the recovery half-life (T1/2) of mito-DsRed fluorescent 







    
 
 
Figure 3.5 Mitochondrial morphology in control and DAP3 knockdown HeLa cells 
taken by electron microscopy. 
Mitochondrial morphologies in control small interfering RNA (siRNA) HeLa cells and 















3.2 Loss of DAP3 Function Affects Mitochondrial Fusion Activity and 
Mitochondrial Function 
 
3.2.1 Knockdown of DAP3 Disrupts Mitochondrial Fusion Activity  
 
Since depletion of DAP3 could lead to mitochondrial fragmentation, to further 
address the question whether the increase in mitochondrial fission is due to 
alterations in mitochondrial fusion activity, I performed a polyethylene glycol 
(PEG) fusion assay (Chen et al., 2003; Radoshevich et al., 2010). To do this, I first 
generated HeLa cell lines stably expressing either mito-GFP or mito-DsRed. 
Subsequently a set of cells were transiently transfected with control-siRNA and 
another set of cells were transiently transfected with DAP3-siRNA. At 48 hours 
after transfection, both sets of cells were mixed and plated on coverslips. After 
24 hours after plating, mixed cells were treated transiently with 50% PEG to 
induce cell fusion. Hetero-polykaryons after PEG-induced control siRNA and DAP3-
siRNA HeLa cell fusion with differentially labeled populations were scored for 
mitochondrial fusion by Pearson’s coefficiency of mito-GFP and mito-DsRed at 
the indicated time points. I observed apparently about 90% mitochondrial fusion 
in the fused cells, after 8 hours incubation in the control-siRNA transfected cells, 
but such events were attenuated to around 50% in DAP3-siRNA transfected cells. 
Similarly, the fusion extent at 2 hours and 4 hours was much lower in DAP3-
depleted cells with a total of 10% and 20% mitochondrial fusion, compared to 
that in the control cells with approximately 33% and 62% respectively (Figure 
3.6A and 3.6B). Altogether, these results supported that disrupting DAP3 
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produced significant mitochondrial fragmentation, which correlates to a 








Figure 3.6 Knockdown of DAP3 disrupts mitochondrial fusion activity 
(A) Representative images of hetero- polykaryons after PEG-induced control siRNA 
and DAP3-siRNA HeLa cell fusion. HeLa cells stably expressing mito-GFP and mito-RFP 
were transfected with control siRNA and DAP3-siRNA, respectively. Fusion was 
mediated by PEG and monitored by extent of mito-GFP and mito-RFP colocalization. 
Scale bar: 10 μm. (B) Quantitation of the effects of ablation of DAP3 on a mitochondrial 
PEG fusion assay. Experiments of were carried out as described in A, except that cells 
were fixed at the indicated times. Mitochondrial fusion was evaluated from 20 randomly 




3.2.2 Knockdown of DAP3 Decreases Mitochondrial Membrane Potential  
 
Mitochondrial network homeostasis between fusion and fission is critical for 
mitochondrial function. Disruption of the process results in defective in cell 
metabolism (Chan, 2012). Therefore, I tested mitochondrial membrane potential 
(Δψm) and ATP production to assess the effects of DAP3 depletion on 
mitochondrial function. By measuring mitochondrial membrane potential using 
a cationic dye JC-1, I found that the mitochondrial potential Δψm in the DAP3-
siRNA transfected HeLa cells was significantly lower than that in control-siRNA 
transfected cells, (Figure 3.7A). Quantitative analysis was performed by using 
fluorescence-activated cell sorting (FACS), which indicated around 17% of cells 
were totally dissipated and overall there was an average of 50% decrease of 











Figure 3.7 Knockdown of DAP3 decreases mitochondrial membrane potential 
(A) Representative images of JC-1 dye stained control-siRNA HeLa cells and DAP3-siRNA 
HeLa cells for mitochondrial potential detecting. Scale bar: 10 μm 
(B) Quantitative analysis of mitochondrial membrane potential was performed by using 
fluorescence-activated cell sorting (FACS). Control-siRNA HeLa cells and DAP3-siRNA 
HeLa cells were stained by JC-1 dye and collected for FACS. The gating was set to count 
the 488nm and 561nm signal for a total of 10000 cells. 
(C) A bar chart representing the ratio of 561nm fluorescence intensity against 488 










3.2.3 Knockdown of DAP3 Affects Complex I and ATP Production  
 
    ATP production, one of the most important functions of mitochondria, 
provides cells energy for all kinds of cellular events. Therefore, I next examined 
the ATP production in control and DAP3 knockdown cells. I found that knocking 
down of DAP3 decreased cellular ATP production to about 50% compared to 
control cells (Figure 3.8A). Blocking the ATPase activity using oligomycin 
disrupted ATP level to around 50% in control cells and further decreased ATP 
level to less than 20% in DAP3-depleted cells (Figure 3.8A), suggesting that the 
reduction of ATP production in DAP3-depleted cells may affecting other 
respiratory chain machinery but not ATPase. Therefore, I next examined the two 
protein levels from complexes of the respiration chain, which are MT-ND5 
located in complex I and Cytochrome C oxidase subunit II located in complex IV, 
respectively. My result showed that MT-ND5 protein level was reduced 
significantly whereas Cytochrome C oxidase subunit II’s level was not changed 
(Figure 3.8B), consistent with the report that DAP3 interacts with hNOA1 and 
complex I (Tang et al., 2009), indicating DAP3 may regulate complex I activity by 
modulating proteins levels of complex I component. These data suggest that 
DAP3 depletion could affect mitochondrial translation productivity which might 












Figure 3.8 Depletion of DAP3 decreases ATP production 
(A) ATP levels in control-siRNA and DAP3-siRNA HeLa cells were quantified by 
luciferin-luciferase bioluminescence assay. The bar chart representing fold change of 
normalized ATP values to the control cells. Control- and DAP3-siRNA cells were treated 
with oligomycin, EBSS and oligomycin + EBSS respectively. Each treatment was 
measured in triplicate. Error bars represent + SEM. *p ≤0.01 (two-tailed t test). 
(B) HeLa cells transfected with control-siRNA and DAP3-siRNA were lysed and proteins 






3.3 Mitochondrial Fragmentation Induced by Depletion of DAP3 Is 
Dependent on Fission Machinery but Not Fusion Machinery 
 
3.3.1 Mitochondrial Fragmentation Induced by Depletion of DAP3 Is Not 
Dependent on Mfn1 and Mfn2 
 
To understand the mechanism of DAP3 in regulating mitochondrial dynamics, I 
next examined whether DAP3 depletion-mediated mitochondrial fission is due to 
affecting fusion and/or fission machinery. It is known that Mfn1 and Mfn2 
forming complex on adjacent mitochondria to mediate fusion (Chen et al., 2003). 
Overexpression of Mfn1 or Mfn2 results in hyperfusion of mitochondria that are 
aggregate at around nucleus (Lin et al., 2013; Sheridan et al., 2008). Accordingly, 
I ectopically expressed Mfn1 or Mfn2 in the control- and DAP3-depleted HeLa 
cells and found that both Mfn1 and Mfn2 were able to induce mitochondrial 
fusion and clustering in both control- and DAP3-depleted cells, indicating DAP3 






Figure 3.9 Depletion of DAP3 has no effect on Mfn1 and Mfn2 induced 
mitochondrial clustering 
HeLa cells were transfected with control-siRNA and DAP3-siRNA, respectively. After 48 
hours, the cells were transfected with myc-Mfn1 (A) or myc-Mfn2 (B) for another 24 





3.3.2 Mitochondrial Fragmentation Induced by Depletion of DAP3 Is 
Dependent on Drp1 Activity 
 
Mitochondrial fission is controlled by Drp1 (Smirnova et al., 2001b) and its 
receptor Mff (Otera et al., 2010). Knockdown of either Drp1 or Mff yielded more 
than 70% of elongated mitochondria (Figure 3.10A, 3.10B and 3.10C). To test 
whether DAP3’s effect on mitochondrial morphology is due to affecting Drp1 
function, I co-depleted DAP3 with Drp1 or Mff and found that fragmented 
mitochondria decreased significantly from more than 60% in DAP3-depleted 
cells to less than 20% in Mff-DAP3 or Drp1-DAP3 double depleted cells (Figure 
3.10A, 3.10B and 3.10C). Moreover, to quantitate the fusion and fission state, I 
applied FRAP assay in different siRNA-transfected cells. Although the 
fluorescence recovery rates were not significantly changed upon co-knockdown 
of DAP3 and Mff or Drp1 compared to knockdown DAP3 alone (Figures 3.11, 
3.12 and 3.13A), the recovery levels as indicated by mobile fraction were much 
more elevated when knocking down DAP3 and Mff or Drp1 together, from 0.6 to 
more than 0.8 (Figure 3.13A, 3.13B and 3.13C), suggesting depletion of DAP3 














Figure 3.10 Depletion of DAP3 induced mitochondrial fragmentation is dependent 
on Drp1 activity 
(A) Representative images of mitochondrial morphologiy in HeLa cells transfected with 
control-siRNA, DAP3-siRNA, Mff-siRNA, Drp1-siRNA, DAP3/Mff-siRNA, or DAP3/Drp1-
siRNA. Insets are enlarged details of the boxed regions. Mitochondria were highlighted 
by expression of mito-DsRed. Scale bar: 10 μm 
(B) Whole cell lysates of HeLa cells treated as in (A) were collected and subjected to 
SDS-PAGE. The knocking down levels of DAP3, Mff and Drp1 were detected using 
indicated antibodies. Hsp60 and Tubulin are loading controls. 
(C) The bar chart represents the percentage of different types of mitochondrial 
morphology for HeLa cells treated as in (A). (n = 180 cells quantified from three 







Figure 3.11 Representative images of mitochondrial signal recovery in 
fluorescence recovery after photobleaching (FRAP) assay. 
HeLa cells stably expressing mito-DsRed were transfected with control-siRNA, DAP3-
siRNA, Mff-siRNA, Drp1-siRNA, DAP3/Mff-siRNA, or DAP3/Drp1-siRNA as indicated. 
Images were acquired in a 0.5 s interval. A 2 x 2 μm2 square region of interest (ROI) was 






Figure 3.12 Normalized recovery curves of mito-DsRed signal intensity after 
photobleaching 
HeLa cells stably expressing mito-DsRed were transfected with control-siRNA, DAP3-










Figure 3.13 Normalized recovery curves of mito-DsRed signal intensity after 
photobleaching  
(A) Normalized recovery curves of mito-DsRed signal intensity after photobleaching. 
(B) A bar chart representing the mobile fraction of mito-DsRed fluorescent signal in the 
photobleached area. Error bars represent + SEM. 
(C) A bar chart representing the recovery half-life (T1/2) of mito-DsRed fluorescent 









3.4 Mitochondrial Fragmentation Induced by Depletion of DAP3 Is Due to 
Regulating Drp1 Phosphorylation 
 
3.4.1 Lack of DAP3 Results In Increased Drp1 Puncta Associated on 
Mitochondria 
 
Drp1 is the key molecule for mitochondrial fission. In current model, cytosolic 
Drp1 is recruited onto mitochondria forming spirals and constricts to divide 
both outer and inner membranes (Smirnova et al., 2001b; Youle and van der 
Bliek, 2012). To further explore the regulation mechanism between DAP3 and 
Drp1, I examined endogenous Drp1 localization by immunostaining using an 
anti-Drp1 antibody. As shown in Figure 3.14, Drp1 presented puncta structures 
on each fragmented mitochondria in the DAP3-depleted cells; whereas, the 
puncta of Drp1 in control cells were located on mitochondrial fiber, where 
fission was expected to happen. Co-knockdown of DAP3 with Mff or Drp1 could 
either force Drp1 away from mitochondria or eliminate Drp1, resulting in 
elongated mitochondria (Figure 3.14), further confirming the activity of Drp1 is 













Figure 3.14 Endogenous Drp1 expression pattern in Ctrl and DAP3-siRNA 
transfected cells  
HeLa cells stably expressing mito-DsRed were transfected with control-siRNA, DAP3-
siRNA, DAP3/Mff-siRNA, or DAP3/Drp1 siRNA as indicated. Endogenous Drp1 was 
stained with anti-Drp1 antibody (Green). DNA was stained with Hoechst 33342. The 




    To further monitor the Drp1 foci movement on mitochondria, I employed live-
celle and time-lapse imaging approaches. I found that GFP-Drp1 puncta moved 
and disassembled on mitochondria, and stopped at marked sites to mediate 
mitochondrial fission in the control cells (Movie S1). Kymographs generated 
from time-lapse imaging showed that the GFP-Drp1 puncta disassembled rapidly 
at about 51.27 s at the fission site in the control cells (Figure 3.15A and 3.15B), 
consistent with the endogenous Drp1 puncta pattern. However, in DAP3 
knockdown cells, GFP-Drp1 puncta kept staying on mitochondria and were not 
able to be disassembled (Movie S2). Moreover, the GFP-Drp1 puncta have a 
retardation time on fragmented mitochondria for more than 120 s (Figure 3.15A 
and 3.15B), indicating that Drp1 puncta lifetime on mitochondria was much 
longer in DAP3-depleted cells. 
 
 
Figure 3.15 GFP-Drp1 dynamics in Ctrl and DAP3 siRNA transfected cells  
(A) HeLa cells stably expressing mito-DsRed were transfected with control-siRNA and 
DAP3-siRNA, respectively. After 48 hours, the cells were transfected with GFP-Drp1 for 
another 24 hours. Time-lapse imaging was conducted with 4 s intervals for 60 time 
points. Kymographs were generated by Image J software. 
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(B) A bar chart representing the average retardation time for Drp1 foci on mitochondria.  




3.4.2 Knockdown of DAP3 decreases the phosphorylates Drp1 at Ser 637 
 
It was reported that the localization of Drp1 on mitochondria is tightly regulated 
by its phosphorylation at Ser637 (Gomes et al., 2011). To further investigate 
whether the long lifetime of Drp1 foci on mitochondria in DAP3-depleted cells is 
regulated by the phosphorylation of Drp1, I performed immunobloting on 
subcellular fractions using an antibody that specifically recognizes 
phosphorylated Drp1 at Ser637. Surprisingly, nearly all the phospho-Drp1 
Ser637 was found on mitochondria in the control cells; on the contrary, the 
mitochondrial localized phosphorylated Drp1 was decreased significantly in 
DAP3 knockdown cells (Figure 3.16), indicating that the phosphorylation of Drp1 
on Ser637 may have a role in regulating its retardation on mitochondria. In 
contrast to phosphorylated Drp1, the total protein levels of Drp1 did not show 
significant difference in both the cytosol and mitochondrial fractions of the 
DAP3-depleted and control cells (Figure 3.16). In addition, I further examined 
the expression levels of mitochondrial machinery proteins, such as hFis1, Mfn1, 
Mfn2, and OPA1. Similarly, no significant change was observed (Figure 3.16), 









Figure 3.16 Knockdown of DAP3 displays a reduction of the phosphorylation of 
Drp1 at Ser 637  
HeLa cells transfected with control-siRNA and DAP3-siRNA were fractionated and 
subjected to SDS-PAGE, respectively. Different proteins were immunoblotted with 
indicated antibodies. C: cytosol; M: mitochondria. 
 
 
It has been reported that the phosphorylation of Drp1 at Ser637 was 
reversibly regulated by the kinase PKA and phosphatase calcineurin (Chang and 
Blackstone, 2007a, b; Cribbs and Strack, 2007), I therefore hypothesized that 
depletion of DAP3 might affect PKA-calcineurin pathway, resulting in reduction 
of Drp1 phosphorylation. To verify this, I activated the activity of PKA by treating 
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both control and DAP3-depleted HeLa cells with forskolin,  a PKA activator. My 
results showed that although forskolin could not induce intensive mitochondrial 
elongation in control cells, it reversed fragmented mitochondria to tubular 
network in the DAP3-depleted cells clearly (Figure 3.17A and 3.17B). 
Consistently, I observed a significant increase of the phosphorylation level of 
Drp1 at Ser637 in the DAP3-depleted cells in response to forskolin treatment 
(Figure 3.17C). In addition to HeLa cells, I also repeated similar experiments 
using a neuroblastoma cell line SH-SY5Y. Notably, depletion of DAP3 led to sever 
mitochondrial fragmentation and Drp1 dephosphorylation (Figure 3.17D). 
Moreover, PKA activators (EBSS and forskolin) and calcineurin inhibitor (FK506) 
effectively rescued fragmented mitochondria to tubular fiber and increased the 
level of phosphorylated Drp1 at Ser637 in SH-SY5Y cells (Figure 3.17D, 3.17E 
and 3.17F). Taken together, these results suggested that DAP3 depletion 
attenuated phosphorylation of Drp1 by affecting PKA-calcineurin pathway, 














Figure 3.17 Activation of PKA rescues mitochondrial phenotype and increases the 
phosphorylation of Drp1 in DAP3-depleted cells  
(A) HeLa cells transfected with control siRNA and DAP3 siRNA were treated with DMSO 
and 20 μM forskolin respectively. Mitochondrial morphology was highlighted with mito-
DsRed. Scale bar: μm.  
(B) The bar chart represents the percentage of different types of mitochondrial 
morphology for HeLa cells treated as in (A). (n = 100 cells quantified from three 
independent experiments). Error bars represent +SEM. 
(C) HeLa cells transfected with control siRNA and DAP3 siRNA were treated with DMSO 
and 20 μM forskolin respectively. Different proteins were immunoblotted with indicated 
antibodies. 
(D) SH-SY5Y cells transfected with control-siRNA and DAP3-siRNA were treated with 
DMSO, EBSS, 200nM FK506 and 20 μM forskolin respectively. Proteins were harvested 
and subjected to SDS-PAGE. Mitochondrial morphology was stained by MitoTracker. 
Scale bar: 10 μm.  
(E) The bar chart represents the percentage of different types of mitochondrial 
morphology for SH-SY5Y cells treated as in (D). (n = 100 cells quantified from three 
independent experiments). Error bars represent +SEM. 
(F) SH-SY5Y cells transfected with control siRNA and DAP3 siRNA were treated with 
DMSO, EBSS, 200 nM FK506 and 20 μM forskolin, respectively. Proteins were harvested 



















3.5 Physiological Effects of Knockdown of DAP3 
 
3.5.1 Lack of DAP3 Inhibits both Basal and Inducible Autophagy 
 
Accumulated evidence supported that mitochondria play a critical role in the 
process of autophagy (Gomes et al., 2011; Hailey et al., 2010). To investigate the 
insights into the biological function of DAP3, I next examined the effects of DAP3-
knockdown on autophagic activity. As shown in Figure 3.18A, the starvation 
treatment by EBSS displayed very low levels of induction of GFP-LC3-II 
expression in the DAP3-depleted cells (Figure 3.18A, lower panel) with about an 
average of 11.3 GFP-LC3-II positive foci per a cell (Figure 3.18B), compared to 28 
GFP-LC3-II positive foci per a cell in the control cells (Figure 3.18A, upper panel 
and 3.18B), suggesting that loss of DAP3 function might inhibit autophagy 
activity. To exclude the possibility that lower number of autophagosomes in 
DAP3-depleted cells was due to an increase of autophagosome degradation, I 
applied chloroquine (CQ) to block autophagosome degradation and found that 
consistently, there was a low number of autophagosomes observed in DAP3-
depleted cells (Figure 3.18A and 3.18B). Consistent with the cell imaging, 
Western Blot result also showed that the basal and induced expression levels of 
LC3-II were lower in that of DAP3-depleted cells (Figure 3.18C). Consistently, 
similar result was also observed in SHSY5Y cell as shown in Figure 3.18D. Both 
basal and inducible autophagy was inhibited, suggesting DAP3’s effect on 






Figure 3.18 Lack of DPA3 attenuates autophagy process  
(A) HeLa cells were transfected with control-siRNA and DAP3-siRNA respectively. After 
48 hours, the cells were transfected with GFP-LC3 for another 24 hours and 
immediately treated with EBSS, CQ, EBSS+CQ for 2 hours respectively. Scale bar: 10 μm.  
(B) The bar chart represents the number of autophagosomes in HeLa cells treated as in 
(A). (n = 30 cells quantified from three independent experiments). Error bars represent 
+SEM. **p ≤0.01 (two-tailed t test). 
(C) HeLa cells were transfected with control-siRNA and DAP3-siRNA respectively. 
Transfection was repeated at 48 hours. Another 24 hour later, cells were treated with 
EBSS, CQ, EBSS+CQ for 2 hours respectively and immediately harvested and subjected to 
SDS-PAGE. Proteins were immunoblotted with indicated antibodies as indicated. 
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(D) SH-SY5Y cells were transfected with control-siRNA and DAP3-siRNA respectively. 
Transfection was repeated at 48 hours. Another 24 hour later, cells were treated with 
EBSS and EBSS+CQ for 2 hours respectively and immediately harvested and subjected to 




3.5.2 Deficiency in Mitochondrial Fusion Machinery Leads to Mitochondrial 
Fission But Does Not Affect Autophagy 
 
Because depletion of DAP3 could both result in mitochondrial fragmentation and 
autophagy inhibition, to check whether there is a relationship between the two 
phenotypes, I conducted live-cell imaging and biochemical experiments to detect 
autophagy induction in fusion defective cells. As shown in Figure 3.19A, there 
was no difference in a basal level of autophagy between WT and fusion defective 
cells using OPA1-KO and Mfn1/2-KO cells as assessed by RFP-GFP-LC3. 
Moreover, to further investigate mitochondrial fission’s effect on autophagy, I 
induced autophagy by starvation. Results showed that both autophagosome 
marker LC3 and autophagy flux marker p62 changed in a similar pattern and 
extent upon starvation in Wild-type control and fusion defective OPA1-KO and 
Mfn1/2-KO cells (Figure 3.19B), suggesting that mitochondrial fission is not 










Figure 3.19 Mitochondrial fusion defective does not affect autophagy  
(A) Wild-type MEF, OPA1 KO MEF and Mfn1/2 KO MEF cells were transfected with GFP-
RFP-LC3 respectively, for 24 hours. Cells were fixed and imaged under confocal 
microscope. Scale bar: 10 μm.  
(B) Wild-type MEF, OPA1 KO MEF and Mfn1/2 KO MEF cells were treated with EBSS for 
indicated time. Cells were harvested and proteins were subjected to SDS-PAGE and 






3.5.3 Depletion of DAP3 Sensitizes Cells to Intrinsic Death Stimuli but Not 
Extrinsic Death Stimuli 
 
As mitochondrial dynamics is important in regulating cell death (Suen et al., 
2008), and DAP3 was reported to mediate apoptosis via extrinsic pathway (Kissil 
et al., 1995; Miyazaki and Reed, 2001), I therefore examined whether depletion 
of DAP3 influenced cell death. As shown in Figure 3.20A, a reduction of 
endogenous DAP3 protein level yielded about 15% dead cells, much more than 
those about 4% cell death that in control cells, suggesting that depletion of DAP3 
is sufficient to induce cell death. To further clarify DAP3’s effect on death stimuli, 
I employed several kinds of stresses including intrinsic agents such as pan-
kinase inhibitor staurosporine (STS), mitochondrial uncoupler carbonyl cyanide 
m-chlorophenylhydrazone (CCCP), extrinsic agent tumor necrosis factor-α (TNF-
α), and starvation medium EBSS. As shown in Figure 3.20B-D, in response to STS, 
CCCP or EBSS treatment, DAP3-depleted cells exhibited about 70%, 45% and 
45% cell death, respectively, compared to about that of 15% for all the 
treatments in the control cells. In contrast, both DAP3-depleted and control cells 
displayed a similar rate of cell death when treated with TNF-α (Figure 3.20E). 
Considering the starting point of cell death in DAP3-depleted cells was 
significant higher (Figure 3.20A), TNF-α’s effect on DAP3-depleted cells was 
actually less significant, consistent with a previous report that loss of DAP3 
facilitated cells resisting to the extrinsic stimuli-induced apoptosis (Kissil et al., 
1995; Miyazaki and Reed, 2001; Mukamel and Kimchi, 2004). These results 
demonstrated that loss of DAP3 function sensitized cells to the intrinsic 
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mitochondrial mediated death pathway, but might have a resistant effect on the 




Figure 3.20 Mitochondrial fusion defective does not affect autophagy.  
HeLa cells were transfected with control-siRNA and DAP3-siRNA respectively. After 48 
hours, the cells were treated with the following agents: (B) 100nM staurosporine; (C) 20 
μM CCCP; (D) EBSS; and (E) 20 ng/ml TNF- α + 3 μg/ml cycloheximide. Cell death (mean 











3.6 Characterization of GTP-Binding Domain Function of DAP3  
 
3.6.1 The G1 Site of GTP-Binding Domain is Essential for Maintaining 
Mitochondrial Morphology 
 
Accumulated studies indicate that the predicted GTP-binding domain of DAP3 is 
important for the regulation of apoptosis (Kissil et al., 1995; Miyazaki and Reed, 
2001). Since I know that depletion of DAP3 could lead to sever mitochondrial 
fragmentation, I then hypothesized that the GTP-binding domain might be 
functional in regulating mitochondrial dynamics. To this end, I constructed the 
GTP-binding domain mutants and transfected into HeLa cells to investigate the 
mitochondrial morphological balance. Results showed that fragmented 
mitochondria in DAP3 full-length (FL) overexpressing cells accounted for not 
more than 20%; whereas, the fragmented mitochondria in the G1 mutant or All-
G mutant expressing cells increased to more than 60% (Figure 3.21A-C), 











Figure 3.21 Overexpression of DAP3 GTP-binding domain mutants leads to 
mitochondrial fragmentation  
(A) A schematic diagram representing DAP3 and DAP3 GTP-binding domain mutants. 
(B) HeLa cells transfected with DAP3-GFP and mutants were stained with mito-tracker 
and examined under a fluorescence microscope. Insets of mitochondrial morphology 
were enlarged from the selected boxed. Scal bar: 10 μm. 
(C) The bar chart represents the average number of cells with different mitochondrial 
morphologies in the DAP3- or mutants overexpressing HeLa cells. Data represent the 





     To further quantify DAP3 mutants induced mitochondrial fragmentation, 
Fluorescence Recovery after Photobleaching (FRAP) was also applied. As shown 
in Figure 3.22A-B, the G1 mutant overexpressing cells displayed fragmented 
mitochondria and the fluorescence bleached in G1 mutant cells was not able to 
recover during time, while the mitochondrial fluorescence in DAP3-FL 
overexpressing cells recovered gradually and reached a recovery level of 0.72, 
much elevated than that of in G1 mutant overexpressing cells (Figure 3.22C-D). 
Similarly, the G2 mutant overexpressing exhibited a 0.75 recovery level and All-G 
mutant overexpressing displayed a 0.55 recovery upon photobleaching. These 
data suggested that the G1 and All-G mutants were essential for DAP3’s function 









Figure 3.22 FRAP assay for quantification of mitochondrial dynamics in DAP3 
GTP-binding mutants overexpression cells 
(A) and (B) HeLa cells transfected with DAP3-GFP and DAP3 G1 mutant were stained 
with mitotracker as indicated. A 2 x 2 μm2 square region of interest (ROI) was selected 
on the mitochondrial fiber and photobleached with a 561 nm laser. Images were 
acquired in a 0.5 s interval. Scale bar: 10 μm 
(C) Normalized recovery curve of mitotracker signal intensity after photobleaching. 
(D) A bar chart representing the mobile fraction of mito-tracker fluorescent signal in the 
photobleached area. Error bars represent + SEM. 
 
 
3.6.2 DAP3 is a GTPase and the GTP-Binding Domain is Important for Its 
GTPase Activity 
 
3.6.2.1 The GTP-Binding Sequence of DAP3 Is Conserved with 
Mitochondrial Machinery Protein GTPase Sequences 
 
Since DAP3 has been demonstrated to play a critical role in regulating 
mitochondrial dynamics, and its GTP-binding domain is essential for maintaining 
mitochondrial morphology, to further investigate the mechanism governing its 
function, I did an alignment of DAP3’s GTP-binding domain protein sequence to 
the mitochondrial dynamics machinery proteins. Surprisingly, the GTP-binding 
domain is highly conserved with those large GTPases that controlling 
mitochondrial fusion and fission (Figure 3.23), I therefore hypothesized that 









Figure 3.23 An alignment of DAP3 with mitochondrial dynamics machinery 
proteins. 
DAP3 has fmy predicted GTP-binding sites indicated as G1 to G4. G1 and G3 are 
conserved with GTPase sites of the large GTPases Mfn1, Mfn2, OPA1 and DRP1.  
 
 
3.6.2.2 In Vitro Assay Indicates DAP3 Is a GTPase and G1 Site Is Required 
for GTPase Activity 
 
To examine the above hypothesis, conducted an in vitro GTPase assay. To this 
end, I first constructed his-tagged DAP3 and GTP-binding sites mutants into a 
protein expression vector and expressed proteins in E. coli expression system. 
The DAP3 full-length and G1 mutant recombinant proteins were subjected to 
Fast Protein Liquid Chromatography (FPLC) for further purification. The FPLC 
purified proteins were concentrated to 500 μg/ml, before applied to GTPase 
assay. Purified DAP3 full-length and G1 mutant recombinant proteins were 
subjected to a GTPase assay according to manufacturer’s protocol. Result 
indicated that compared to control (Tris buffer), full-length DAP3 displayed a 
hydrolysis activity to around 30 μM Pi release for a reaction time of 10 minutes, 
whereas the GTP hydrolysis activity of G1 mutant was about 10 μM Pi release at 
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10 minmute, suggesting DAP3 does have a GTPase activity that is dependent on 







Figure 3.24 A GTPase assay for DAP3 and its G1 mutant protein 
FL indicated a DAP3 full-length protein; G1 indicated DAP3 G1-site deletion mutant; 
Tris-HCl buffer was used as a negative control. Proteins were subjected to an in vitro 






































CHAPTER 4 DISCUSSION AND CONCLUSION 
 
4.1 The Mitochondrial Localization of DAP3 
 
The subcellular localization of DAP3 has not yet been confirmed to date because 
contradictory results were reported for its location. Although there was a study 
demonstrated that DAP3 was a mitochondrial ribosomal protein, contained a 
mitochondrial targeting sequence, and immunostained results indicated it was 
well co-localized with mitochondrial makers, there was still a speculation that 
DAP3 had a cytosolic pool (Cavdar Koc et al., 2001; Miyazaki and Reed, 2001; 
Mukamel and Kimchi, 2004). In addition, DAP3 had also been identified as an 
apoptosis regulator; the localization of DAP3 became critical for investigating the 
molecular mechanism of DAP3 in apoptosis. Therefore, it is important for me to 
intensively verify the localization of DAP3 by using different assays, including 
biochemical fractionation, Protease K digestion, alkaline mediated membrane 
extraction assays and immunostaining. My results demonstrated that the 
endogenous DAP3 co-localized well with a mitochondria dye, MitoTracker, when 
treated with a detergent with a higher concentration (0.5% Triton X-100). On the 
contrary, DAP3 signal was significantly decreased on mitochondria in the 
presence of a low concentration detergent (0.1% Triton X-100) for 
permeabilization (Figure 3.1 A and 3.1B), suggesting that DAP3 was likely 
located inside of mitochondria. Consistently, as shown in Figure 3.2B, similar to 
the inner membrane protein Tim23 and mitochondrial matrix protein Hsp60, 
DAP3 could only be digested by high concentrations of PK treatments.  Moreover, 
mitochondrial fractions applied to alkaline (Na2CO3) extraction suggested that 
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DAP3, like cytochrome c, was predominantly remained in the soluble fraction of 
mitochondria, whereas the membrane integrated proteins Tom20 and Tim23 
were mainly found in the mitochondrial membrane pellet. (Figure 3.2C-D). 
Taken together, these data demonstrate that DAP3 localizes in mitochondrial 
matrix, consistent with the reported result that DAP3 was identified as one of the 
small subunit proteins of mitochondrial ribosome.  In addition, very recently 
DAP3 was also reported to interact with another inner membrane protein 
hNOA1, which is a binding partner of complex I, further suggesting that DAP3 
localizes in the mitochondrial matrix. 
 
 
4.2 An Effect of DAP3 in Regulating Apoptosis 
 
Studies on DAP3 have been mostly focused on its apoptotic function during the 
past decade. Firstly, DAP3 is demonstrated as a pro-apoptosis protein, which 
could attenuate interferon-γ induced apoptosis by Kimchi’s group (Kissil et al., 
1995). Later on, researchers further elucidated that DAP3 mediated extrinsic 
apoptosis via a direct interaction with death receptors and couples death 
receptors through the Fas-associated death domain (FADD) (Miyazaki and Reed, 
2001). However, the scenario has been challenged because later studies 
indicated that DAP3 localized to mitochondria and was impossible to bind with 
cell membrane proteins (Berger and Kretzler, 2002; Miyazaki et al., 2004; 
Morgan et al., 2001). As mentioned above, my results confirmed that DAP3 
localized in mitochondrial matrix, suggesting DAP3 mediated apoptosis was 
unlikely through interacting proteins out of mitochondria. In this notion, the 
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mitochondrial related intrinsic pathway is more likely to be regulated by 
manipulating DAP3. Recently, accumulated evidence indicated that unbalanced 
mitochondrial fission and fusion confers cells to an enhanced or reduced 
sensitivity to cell death stimulus (Suen et al., 2008; Youle and van der Bliek, 
2012). Furthermore, multiple lines of evidence support that mitochondrial 
targeted proteins regulate mitochondrial dynamics and affect cell death 
(Karbowski et al., 2004; Karbowski et al., 2006; Lin et al., 2013; Sheridan et al., 
2008). In this study, I demonstrated for the first time that loss of mitochondrial 
matrix protein DAP3 promoted mitochondrial fission and facilitates cell death 
(Figures 3.3 and 3.20A). In addition, loss of DAP3 in cells exhibited a lower 
threshold against intrinsic cell death agents such as STS and CCCP (Figure 3.20B 
and 3.20C), because of attenuated Δψm. In consistent with previous studies, I 
also found that knockdown of DAP3 reduced the extrinsic stimuli TNF-α 
induced cell death (Figure 3.20E), suggesting that DAP3 may involve in different 
cell death pathways in response to the intrinsic and extrinsic death agents. 
Although a previous study reported that overexpression of DAP3 was able to 
induce apoptosis, I failed to confirm this result and could not explain the 
discrepancy. Collectively, DAP3 is likely to play a role in mitochondrial pathway 
related apoptosis. Further studies will be required to dissect the molecular 








4.3 Effects of DAP3 in Regulating Mitochondrial Dynamics 
 
 Accumulated studies have suggested that mitochondrial fission could be an early 
event of apoptosis (Otera et al., 2013; Suen et al., 2008; Tait and Green, 2010); 
however, little is known about whether DAP3 has any effect on mitochondrial 
fusion and division. Here, my results suggest that DAP3 indeed plays a role in 
mediating apoptosis.  Previously, Mukamel and Kimchi (2004), reported that 
overexpression of DAP3 could result in mitochondrial fragmentation. Conversely 
my data clearly demonstrated that overexpression of DAP3 exerted no 
significant phenotype on mitochondrial morphology (Figure 3.21), but 
knockdown of DAP3 induced significant mitochondrial fission (Figure 3.3), 
suggesting that dysfunction of DAP3 could cause severe mitochondrial 
abnormality, and remaining a healthy level of DAP3 protein could be important 
to maintain mitochondrial homeostasis.   
 
    As mitochondrial homeostasis is precisely balanced and integrated by the 
fusion and fission processes (Chan, 2012), it is reasonable for me to hypothesize 
that loss of DAP3-induced mitochondrial fission could be due to enhanced 
fission, reduced fusion, or both. Therefore, I examined if there is any effect of 
DAP3 on mitochondrial fusion and/or mitochondrial fission machinery. 
Mitochondrial fusion is controlled mainly by two key regulators Mfn1 and Mfn2 
by tethering each other on adjacent mitochondria (Chen et al., 2003; Koshiba et 
al., 2004). However, my results showed that depletion of DAP3 did not affect 
Mfn1/2-mediated mitochondrial fusion (Figure 3.9). In contrast, knockdown of 
Drp1 or Mff significantly rescued fragmented mitochondrial, induced by DAP3 
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depletion, to tubular or elongated phenotypes (Figure 3.10), suggesting that 
DAP3 regulates mitochondrial dynamics by mediating the activity of fission 
machinery.  
 
    During the fission process, Drp1 translocates from cytosol to mitochondria, 
assembling to oligomers as puncta on mitochondrial fiber to constrict and 
mediate fission (Cecconi and Levine, 2008; Chan, 2012; Smirnova et al., 2001a; 
Smirnova et al., 1998). I found that depletion of DAP3 induced marked 
endogenous Drp1 puncta existing on mitochondria; whereas, the Drp1 puncta 
was significant less that in the control cells (Figure 3.14 upper panel). 
Furthermore, under a normal condition, ectopic expression of GFP-Drp1 
relocated rapidly on mitochondria, assembling to a gradient grade of Drp1 
oligomers, mediating division at marked sites and disassembling (Movie S1). On 
the other hand, in the DAP3-depleted cells, GFP-Drp1 puncta were largely 
retarded on divided mitochondria (Movie S2), consistent with the staining of the 
endogenous Drp1. Taken together, my results suggested that depletion of DAP3 
may dramatically alter the activity of Drp1 and affinity to mitochondria, resulting 
in enhanced mitochondrial fission.  
 
 
4.4 The Molecular Mechanism of Drp1-dependent Mitochondrial Fission 
 
Drp1, a large GTPase, is the only molecule that has been identified to play a key 
role in mediating mitochondrial fission machinery in mammalian cells. The role 
of Drp1 in regulating mitochondrial fission is not yet fully understood in 
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mammalian cell. However, the underlying mechanism of how Dnm1, the yeast 
homolog of Drp1, mediates mitochondrial fission machinery has been 
extensively studied recently. In yeast, Dnm1 interacts with Mdv1 and assembles 
as oligomers in GTP-bound form, which further proceed to form spirals and 
constrict the mitochondria, resulting mitochondrial division (Westermann, 
2010). In mammals, a similar phenomenon is observed, but how Drp1 is 
recruited and how Drp1 disappears from mitochondria are largely unknown. 
Recent studies showed that the phosphorylation of Drp1 at Ser637 was critical 
for its mitochondrial localization (Gomes et al., 2011; Rambold et al., 2011); 
phosphorylated Drp1 would relocate from mitochondria to cytosol and 
consequently led to mitochondrial elongation. In accordance, my result suggests 
that loss of DAP3 dramatically decreases phosphorylated Drp1 at Ser637 (Figure 
3.15), which provides, in part, the molecular basis mechanism for DAP3 induced 
mitochondrial fragmentation via regulating the phosphorylation of Drp1. The 
phosphorylation of DAP3 at Ser637 is reversibly regulated by the cyclic AMP-
dependent protein kinase (PKA) and calcineurin (Chang and Blackstone, 2007a; 
Cribbs and Strack, 2007).  Here I show that the treatment of the PKA activator 
forskolin can rescue DAP3 knockdown induced mitochondrial fragmentation. 
Moreover, the phosphorylation level of Drp1 at Ser637 in the DAP3-depleted 
HeLa cells was also increased upon the induction of forskolin (Figure 3.17A, 
3.17B and 3.17C). I also showed that in SH-SY5Y cells, forskolin treatment could 
reverse fragmented mitochondria in DAP3-depleted cells to a more filamentous 
tubular network. Interestingly, treatments of FK506 and EBSS could also 
partially rescue fragmented mitochondria and the phosphorylation of Drp1 at 
Ser637, further suggesting that depletion of DAP3 altered PKA-calcineurin 
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pathway. Consistent with previous reports that calcineurin is responsible for 
dephosphorylation of Drp1 and mitochondrial fragmentation when 
mitochondria are dissipated and EBSS mediated mitochondrial elongation due to 
PKA activation, which inactivates Drp1 by phosphorylating Ser637 in Drp1 
(Cereghetti et al., 2008; Gomes et al., 2011). My results notably suggest that 
depletion of DAP3 might trigger the PKA-calcineurin signaling pathway, where 
the activation of PKA might be blocked, or the activation of calcineurin might be 
turned on, or both activating these mechanisms at the same time, resulting in an 
reduction (or inhibition) of the phosphorylation of Drp1, which was retarded on 
mitochondria, further induced mitochondrial fission.   
 
 
4.5 An Effect of DAP3 in Regulating Autophagy  
 
In addition to cell death, a growing number of reports demonstrate that 
mitochondrion is recognized as a core regulator of autophagy (Graef and 
Nunnari, 2011; Hailey et al., 2010; Radoshevich et al., 2010; Singh et al., 2010; 
Twig et al., 2008). First of all, despite advances in demonstrating the molecule 
basis of autophagy process, as mentioned in the Chapter 1, the origin of 
membrane smyces of autophagosome remains poorly understood. Although 
there are studies indicating that endoplasmic reticulum (ER) is the major smyce 
of the origin of autophagy membrane structures (Tooze and Yoshimori, 2010), 
Lippincott-Schwartz  and colleagues (2010) discovered that mitochondrial outer 
membrane was also involved in biogenesis of autophagosome upon induction of 
autophagy by starvation (Hailey et al., 2010). In addition, they also demonstrated 
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that Mfn2-dependent mitochondria/ER connection was critical for starvation-
induced autophagy, depletion of which dramatically impaired autophagosome 
formation (Hailey et al., 2010), indicating that mitochondria play a central role in 
the autophagy process. Moreover, Nunnari’s group demonstrated that in yeast 
mitochondrial respiratory deficiency severely suppresses autophagic flux, 
autophagy gene induction and Atg1-Atg13 kinase complex transporting to the 
PAS by enhancing the activity of PKA (Graef and Nunnari, 2011). Consistent with 
the scenario, my data revealed that when mitochondrial homeostasis was 
disrupted by knockdown of DAP3, both basal and starvation-induced autophagy 
was inhibited (Figure 3.18); further demonstrating healthy mitochondria are 
essential for autophagy. Mitophagy is a kind of autophagy that specifically 
degrades damaged or dysfunctional mitochondria as mentioned in the Chapter 1. 
In this case, the healthy mitochondria will help to remove damaged 
mitochondria through the mitophagic pathways (for the details, please see the 
Chapter 1). Since DAP3 depletion resulted in mitochondrial fission and 
dissipation (Figure 3.3 and 3.7), I also examined whether such damaged 
mitochondria could be removed by mitophagy. However, my results indicated 
that no mitophagy was noted upon knockdown of DAP3 (data not shown), 
suggesting that mitochondrial damage is not sufficient for mitophagy 
completion; there might be other unknown mechanism controlling this process, 







4.6 The Relationship of Mitochondria, ER, Autophagy and Drp1 
 
Since it is known that mitochondria play an important role in autophagy, the 
mechanism and the regulation pathway remains to be understood. Lippincott-
Schwartz’sgroup showed that Mfn2 mediated mitochondria/ER connection was 
essential for the autophagy process (Hailey et al., 2010), which exhibited another 
possibility that intact mitochondrial fusion ability was also required, because 
loss of Mfn2 resulted in mitochondrial fusion defect. More recently, ER was 
reported to determine the sites of mitochondrial division (Friedman et al., 2011), 
where Drp1 accumulated and executed fission function. They found that, ER and 
mitochondria were intensively contacted and at the contacting sites, 
mitochondria were constricted before Drp1 recruitment, suggesting that ER 
played a role in defining mitochondrial division. Consistently, my results showed 
that in normal cells, GFP-Drp1 puncta were moving on mitochondria, and 
stopped at marked sites to mediate mitochondrial fission (Movie S1), indicating 
it is not Drp1 but other mechanism determines where to divide on mitochondria. 
In this notion, I speculate that the interaction of ER and mitochondria is 
important for defining the fission sites on mitochondria, which could further 
recruits Drp1 and facilitates mitochondrial division. More studies are needed to 
elucidate a detailed mechanism.  
 
    Interestingly, just the mitochondrial sites that contact with ER and recruit 
Drp1 were reported to be the sites where autophagosomes form (Hamasaki et 
al., 2013). The discovery made the scenario more complex, as three subcellular 
organelles linked at those specific sites, with little known mechanism. As 
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mentioned in Section 4.4, the origin of autophagosome membrane is controversy 
nowadays, because some researchers believe that the membrane is derived from 
preexisting membrane smyces such as ER, mitochondria, and plasma membrane, 
but others argue that the autophagy membrane is synthesized de novo (Tooze 
and Yoshimori, 2010). With identifying autophagosomes initiated at the ER-
mitochondria contact sites, the autophagosomal membrane originated from ER 
and mitochondria becomes more convincing. In their report, the early 
autophagosome maker ATG14 was found to relocalize to the ER-mitochondria 
contact sites under starvation condition, and the autophagosome formation 
marker ATG5 was also found to localize at the ER-mitochondria cross after 
autophagosome formation completed (Hamasaki et al., 2013), suggesting that 
the whole autophagosome formation process was occurred at ER-mitochondria 
contact sites. Similar to the discovery reported by Nunnari s report, they also 
demonstrated that disruption of ER-mitochondria contact site led to failure of 
autophagosome formation. And also they identified ER protein SNARE protein 
syntaxin 17 (STX17) as the binding and recruiting factor for ATG 14 (Hamasaki 
et al., 2013). Taken together, the model should be like: ER and mitochondria 
contact via Mfn2 at specific sites that are designated for Drp1 assembling; Drp1 
exerts its function to mediate mitochondrial division at those marked 
mitochondrial sites; autophagosome initiation maker ATG14 is recruited by 
STX17 to those marked sites and proceeds autophagosome formation. My data 
demonstrated that depletion of DAP3 resulted in Drp1 foci staying on 
mitochondria after division (Movie S2), which I speculate that it might be the 
reason for defective of mitochondrial fusion. In addition, I found that knockdown 
of DAP3 reduced autophagosome formation under a starvation condition. 
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According to the discussion that Drp1 assembly sites are responsible for 
autophagosome formation, here I speculate that Drp1 foci might be retarded on 
mitochondria and blocked the contact between ER and mitochondria, which in 
turn, inhibits the induction and formation of autophagosome.   
 
 
4.7 The Effect of DAP3 in Regulating Mitochondrial Ribosome 
 
DAP3, the death promoting protein, has recently been identified as a component 
of the mitochondrial ribosomal small subunit (Cavdar Koc et al., 2001), which 
provides a clue that mitochondrial ribosomal may have a role in regulating cell 
death. Consistently, there are studies demonstrating that loss of mitochondrial 
translation function impairs cell proliferation severely (Dennerlein et al., 2010; 
Escobar-Alvarez et al., 2010; Richter et al., 2010). Therefore, I speculate that 
except for mediating cell death and mitochondrial homeostasis, depletion of 
DAP3 might also disrupt mitochondrial translation. To test this, I examined two 
of the thirteen mitochondrial translation products by Western Blot. Indeed, I 
found that one of the MT-ND5 located in complex I was dramatically decreased 
upon knockdown of DAP3, which might further affect complex I assembly and 
function, whereas, the other mitochondrial complex IV component Cytochrome C 
oxidase subunit II was not affected (Figure 3.8B), suggesting DAP3 is essential 
for maintaining the function of mitochondrial complex I, which is critical for 
electron transportation and respiration. Notably, the mitochondrial translation 
system in DAP3-depleted cells might be partially damaged because the other 
mitochondrial encoded protein in complex IV is not affected.  
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    Interestingly, a previous study indicated that mitochondrial inner membrane 
protein hNOA1 interacted with both mitochondrial complex I and DAP3. This 
study supported a possibility that DAP3, hNOA1 and complex I might form a 
super complex (Tang et al., 2009). In addition, mitochondrial ribosomes are 
tightly associated with inner membrane, linking by the inner membrane protein 
prohibitins (He et al., 2012). Depletion of the linker prohibitins leads to 
mitochondrial fragmentation (Merkwirth et al., 2008), suggesting the 
mitochondrial ribosomes may play a role in regulating inner membrane 
remodeling. I showed that knockdown of DAP3 induced mitochondrial 
fragmentation, which might result in disrupting the interaction of mitochondrial 
ribosomes with the inner membrane, and further remodeled inner membrane 
and cristae and fragments mitochondria. 
 
 
4.8 The Effect of DAP3’s GTPase Activity 
 
DAP3 has a predicted GTP-binding domain, which is demonstrated to be 
important in regulating apoptosis (Berger et al., 2000; Kissil et al., 1999). There 
were predicted G1, G2, G3 and G4 motifs in the GTP-binding domain, containing 
conserved amino acids to the large mitochondrial dynamics controlling GTPases, 
such as Mfn1, Mfn2, OPA1 and Drp1 (Figure 3.22).  Studies on the GTP-binding 
domain have revealed that the G-X-X-X-X-G-K-(S/T) sequence, which was also 
called the P-loop, was essential for apoptotic promoting function (Kissil et al., 
1995; Koc et al., 2001; Kissil et al., 1999). In this thesis, I examined these DAP3 
GTP-binding domain mutants and found that depletion of the G1 or all-G domain, 
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mitochondria was significantly fragmented, compared to the empty vector or the 
full-length DAP3 expressing cells (Figure 3.21), indicating that the G1 and all-G 
domains were essential for maintaining mitochondrial morphology and mutation 
on this site seems to exert a dominant negative effect as seen in the phenotypes 
in the DAP3-depleted cells.  
    Based on the functional result of DAP3 GTP-binding domain mutants on 
mitochondrial dynamics and conserved amino acids to mitochondrial dynamics 
GTPases. Using an in vitro GTPase activity assay, I showed that the GTPase 
activity of DAP3 in essential for mitochondrial function by using recombinant 
DAP3, suggesting that DAP3 indeed has a GTPase activity and the G1 motif is 





In this thesis, I have demonstrated that DAP3 is essential for balancing 
mitochondrial fusion and fission process via regulating mitochondrial fission 
machinery component Drp1; depletion of DAP3 induces severely mitochondrial 
fragmentation. One of the possible mechanisms is that loss of DAP3 function 
disrupts mitochondrial respiration chain complex, which subsequently leads to 
reduction of mitochondrial membrane potential. The disruption of mitochondrial 
membrane potential may either inhibit PKA activity or enhance calcineurin 
activity, which causes dephosphorylation of Drp1 (or block the phosphorylation 
of Drp1) on mitochondria, subsequently resulting in mitochondrial 
fragmentation (Figure 4.1). 
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    Moreover, I demonstrate that loss of DAP3 confers cells inhibitory effect to 
basal and starvation induced autophagy and increased susceptibility to the 
intrinsic death agents. I propose that reduced autophagy activity induced by 
knockdown of DAP3 abolishes the protective role of autophagy, thus, resulting in 
more cell death in response to stresses (Figure 4.1). My findings delineate 
broader questions regarding about the mutual regulation between mitochondrial 
dynamics, autophagy and cell death, which allowmeto investigate the role of 
DAP3 in different aspects of pathologies, including neurodegenerative diseases, 




Figure 4.1 A schematic model of DAP3 in regulating mitochondrial 




4.10 Future Work 
 
4.10.1 To Further Investigate DAP3’s Effect on Mitochondrial Ribosomal 
Function 
 
My previous results showed that mitochondrial matrix protein DAP3 was 
essential for maintaining mitochondrial homeostasis as well as multiple cellular 
functions. As a mitochondrial ribosomal protein, DAP3 may also affect the 
function of mitochondrial ribosome, which could further regulate mitochondrial 
translation. As I mentioned in the discussion above, mitochondrial translation 
might be the most important function for the mitochondrial ribosome. Therefore, 
in the future, I plan to examine DAP3’s effect on proteins translation in 
mitochondrial. To do this, I will apply a S35 radioactive labeling of Methionine to 
monitor newly synthesized proteins. Anisomycin will be added to inhibit 
cytosolic protein synthesis, so that mitochondrial translation could be specified 
out. Based on this assay, I can manipulate DAP3 level by either overexpression or 
knockdown to test DAP3’s role in regulating mitochondrial translation. Since 
mitochondrial translation has been linked to several types of human diseases as I 
discussed in the above, my research will provide new insights into the molecular 







4.10.2 To Further Investigate DAP3’s Protein Structure and Structure 
Based GTPase activity 
 
My preliminary result has demonstrated that DAP3 could mediate GTP 
hydrolysis in vitro. To further confirm DAP3 indeed is a GTPase, I could test the 
affinity of GTP with DAP3 protein by radioactively labeling. For this, the GTP was 
labeled by P32 and subjected to incubation with DAP3 and the G1 mutant 
proteins. After intensive washing, the samples could be examined for their 
radiation. Alternatively, I could solve DAP3’s structure and compare it with the 
known GTPase structures. By scoring the similarity of the GTPase domain 
structures between DAP3 and the known GTPases, I would be able to confirm 
DAP3’s GTPase function. This result would help to explain all the functions that 
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